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ABSTRACT
^ The work presented in this thesis attempts to elucidate 
the structure, nature of "bonding in, and "basic chemistry of the 
osmium carbonyl halides.
An adaptation of a spectrophotometric method of analysis 
for osmium, involving the characterisation of the visible absorp­
tion spectrum of the [ O s ( t h i o u r e a ) g ] i o n ,  has been developed 
which has advantages over the current procedures in the litera­
ture .
Syntheses of osmium carbonyl halides of the general 
formulae 0s(C0 )^X2 > OsCCO)^^ and OsCCO^Xg (w -^ere X = halogen), 
have been carried out at both atmospheric and higher pressures. 
Several new derivatives of these compounds of the type 0312(00)2X2 
have been prepared through the replacement of carbon monoxide 
by neutral ligands capable of entering into 7r-bonding with the 
central metal atom, notably substituted phosphines. Compounds 
were characterised by analysis and infrared spectroscopy. 
Structures have been suggested which account for the observed 
patterns of absorption bands occurring in the carbonyl stretching 
frequency region, and for solubility trends. Assignments have 
been made for the fundamental CO vibrations, and force constants 
calculated on the basis of models proposed by Cotton and 
Kraihanzel.
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Further work has been carried out to examine the effect 
of solvents on the fundamental' carbonyl vibration frequencies, 
the results discussed, and a mechanism proposed which accounts 
for the observed phenomena. Both the solvent shifts and those 
frequency shifts of the carbonyl vibrations caused by a change 
in ligand substitution have been ascribed to a reasonably 
simple bonding picture in the compounds considered*
-5-
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S E C T I O N  I
INTRODUCTION
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In this introduction the present state of knowledge with 
regard to the structure and chemistry of carbon monoxide and 
its compounds with metals is briefly presented, making special 
reference to its compounds with osmium,
(1 ) The carbon monoxide molecule
The structure of carbon monoxide has been fairly exten­
sively studied. Early ideas involved specific carbon-oxygen 
bond orders of 2 or 3> tut Pauling [l] explains the properties 
of the molecule on the basis of contributions from the resonance 
structures :—
• Ca) tc - 0*7, (b) : C = 0:, (c) G = 0: (d) ?C =  ot
The contribution of structure (a) is considered to be 
significant, despite the smaller number of covalent bonds, as 
the greater electronegativity of the oxygen atom stabilizes a 
structure involving a negative charge sited on the oxygen. The 
contribution of structure (d) is considered to be quite large,
b*
the stabilization being due to the presence of a large number of 
covalent bonds.
Experimentally it is found that the CO bond distance is 
1.13078 X [2 ], which is intermediate between the calculated 
values for a double bond, 1.21 X, and a triple bond, 1.07 X, and 
corresponds to a bond order of 2.4 [l]. The polarity existing
11-
in the CO molecule has heen shown to he very small, the value for 
the electric dipole moment being given as 0.112D £3 ]% its
direction distinguished as C — 0 [4 ]• These results can
all be explained on Pauling’s model assuming that the structure 
(a) accounts for 10% of the actual situation in the molecule, 
structures (b) and (c) both account for 2 0 % , and structure
(a )  50^.
A molecular orbital (M.O,) description of the bonding 
in carbon monoxide can be constructed by considering the com­
bination of the valence shell atomic orbitals. The K-subshell 
orbital need not be considered as its electrons play no part 
in the bonding, A convenient form of writing the combination 
is : -
C(2s22pt2 ) + 0(2s22p^^) ■—* C0(z ^ )2 (y«r')2 (xtr)2(we7r)2f'(ve7r)0 (uc?)0 
where the orbitals have been written in the order of increasing 
energy, and the subscripts e and t have been used to designate 
2 and 3 essentially degenerate orbitals respectively, A 
rather naive but expressive picture of the bonding is given in 
fig.(i) in which the unoccupied w- and«r-antibonding orbitals 
have been Excluded for the Sake of clarity
Occupation of the original atomic orbitals is represent
■f
by x (one electron) ojff xx (two electrons); their combination 
to form a cr-bond is represented by horizontal shading in the 
region of overlap, and combination to form a w-bond indicated 
by horizontal lines* Further bonding between the carbon and 
oxygen atoms exists through delocalization of one of the 
oxygen lone pairs towards the carbon atom providing a further 
7r~bond, indicated by the horizontal arrows. It is considered 
however, that the wave-function for this particular M.O* 
involves a smaller overlap integral than a formal 7r-bond pro­
viding an orbital which is largely atomic in character and 
centred on the oxygen atom [5]*
In terms of the non-bonding localized electron.pairs, 
the carbon atom is considered to be sp hybridised providing 
an occupied sp hybrid orbital collinear with the CO bond.
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This is presumably the active centre for donation in the 
formation of coordination compounds and is a major consideration
in providing the resultant dipole in the experimentally de—
§ § +termined ~C - 0 direction*
M.O. calculations have been attempted for the CO mole­
cule, but so far these have proved to be inexact. Thus the
calculations of Sahni [6] and of Mulliken [7] both lead to an
5+ §
electric dipole moment in the direction C - 0 , which is
the reverse of that found experimentally.
(2) The MCO bond system
Binary systems with CO involve carbon as the donor atom. 
The metal carbonyls studied to date show that the CO groups 
form essentially linear combinations with the metal except where 
the carbonyl group is being shared, e.g. by the two metal atoms 
in Fe2 (C0 )^, or by the three metal atoms in (C^H^)^Ni^(CO)  ^ [8 ]. 
In these cases the CO group takes up a symmetrical position 
perpendicular to the plane joining the metal atoms.
The oxidation state of the metals forming simple carbonyl 
products, e.g. Cr(CO)^, is zero. If dative covalent er- 
bonding alone existed between the metal and carbonyl groups an 
inordinate amount of negative charge would be built up on 
the metal atom, so some mechanism must exist to off-load the 
charge from the metal back to the ligands. The very weak
~12f-
cr-bonding ability of CO, as shown by its inability to form
acid
an adduct with such a strong Lewis h-ersTe as BF_, and the fact 
that the formation of metal carbonyls is restricted to the 
transition metals which have 3 or more d-electrons in their 
valence shells, has led to the conclusion that w-bonding between 
the occupied metal d-orbitals and unoccupied w*M.O, (see fig.(ii)) 
of the CO group is a necessary adjunct to bond formation.
Cable and Sheline [9] have reviewed the situation with 
regard to the theory of bonding in the MCO system up to 1956.
The calculated values for metal-carbon bond distances for a 
theoretical bond order of unity available at this time, however, 
led to the erroneous conclusion that the bond order actually 
present was significantly greater than 1. Richardson [10] has 
considered the plausibility of significant multiple bond 
character in the Ni - CO bonds in nickel tetracarbonyl.
Approximate M.O. calculations show that the overall bond energy 
comes half from the a-bonding and half from the 7r— bonding, 
but show that the overall bond order is a trifle less than 
unity. The Ni C force constant of 2.1 md/S. [ll]is in 
agreement with a bond order of this magnitude. The 7r-bond 
order in the CO groups is put at 1.7 which agrees well with 
the opinion of Cable and Sheline [9] who place the NiC and CO 
7T—bond orders at about 0.5 and 1.5 respectively. Almost
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equivalent C — * M and M — 4 C w-bonding preserves the re­
quirements of the principle of electroneutrality, and is a 
necessary condition to explain the very small electric dipole 
of 0.5D [12] satisfactorily.
The CO bond distances for simple mononuclear metal car­
bonyls are all of the order 1.15 £. Comparing this figure 
with the value of 1 .1J5 £ for free carbon monoxide, and 1.225 £ 
for formaldehyde [9] it can be inferred that the CO bond order 
in the metal carbonyls is only slightly lower than in CO itself. 
This conclusion is supported by the comparable CO stretching 
force constants of the metal carbonyls, '■'-'16.5 md/£ [ 133 > and 
carbon monoxide, 18.55 md/£,
A definite interdependence can be shown to exist between 
the MC and CO bonds from a study of their appropriate stretch­
ing force constants. Bigorgne [11, 14] has carried out a ser­
ies of investigations of this nature on substituted nickel 
tetracarbonyls and his results show conclusively that an in­
crease in the NiC bond order is compensated by a corresponding 
decrease in the CO bond order. This increase in the NiC bond 
order can be effected by replacing a CO group by a ligand less 
efficient as a w-acceptor. The onus on the remaining CO groups 
to withdraw electrons from the metal is thus heightened, and 
this is achieved by increasing the M — £ C 7r-bonding. The
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re suiting drift of electrons along the MCO system causes a
decrease in the ir—bonding contribution of the oxygen lone pair,
and a resultant drop in CO'bond order.
The rr— and <r—contributions to the bonding in metal
carbonyls are achieved through a synergic interaction between
orbitals of appropriate symmetries. The orbitals involved in
the (jr-contribution are the occupied sp hybrid on the carbon
2 3
atom and the unoccupied d sp hybrid on the metal. Those in —
s i
volved in the ^-contributions are the occupied <3-Xy* 5 an<^
55d orbitals and the unoccupied 1r antibonding M.O. of the yz ■ ■ *  e
carbonyl group. The essentials of the bonding between a metal 
and a single carbonyl group occurring in the xz—plane are shown 
diagrammatically in fig.(ii).
fig. (ii)
Metal atomic orbitals Ligand orbitals
1 .Occupied & orbital 1 .Occupied sp hybrid orbital
2 3
2 ,Vacant d sp hybrid orbital 2 .Occupied tt—  orbital
36
3*Vacant rr orbital
-17-
An initial ^-donation from the carbonyl group to the 
metal causes a build-up of negative charge on the metal, and the 
^simultaneous formation of a positive charge on the carbonyl 
group which leads to a reduction of the energy of the w* M.O, 
Both these effects facilitate w-donation from the metal to the 
carbonyl group. The w-bonding itself tends to reverse these 
charges, and so allows for. further .^ -donation which, in turn, 
promotes an increased w-contribution to the bonding.
36
The energetic effects of mixing in the 1r CO M.O. to
obtain the necessary M  ^ C back donation can best be seen in
a correlation diagram. A reasonable orbital energy sequence 
is given below for the octahedral M(CO)^ type of molecule.
Metal M _ t Ligand
Orbitals * * Orbitals
-18-
In the diagram the dotted levels represent the energy 
levels expected for the M.O.'s obtained by the straight mixing 
of the metal d orbitals with the ligand w-orbitals. The
77*
position of the upper level shows it to be antibonding. Mixing 
in the CO w* state depresses this level sufficiently for it to 
become somewhat bonding in character, and it is these orbitals 
which are responsible for the back transfer of charge from the 
metal to the CO groups. This stabilization of the tt-M.O.’s 
is responsible for the high values of A (ligand-field splitting) 
found for complexes involving 7r-back bonding.
Similar arguments apply to the other metal carbonyl 
configurations (e.g. tetrahedral in Ni(CO)^, trigonal bipyra- 
midal in Fe(CO)^), but the correlation diagrams are complicated 
by the fact that some of.the atomic orbitals of the metal 
contribute to both <r- and tt-M.O.’s *
(3) The metal carbonyls and their derivatives
It is not intended to make a survey of the metal carbon­
yls and their derivatives as several comprehensive reviews 
exist on the subject [9,12,13,15,16]. A few general remarks, 
though, are thought to be appropriate where overall trends can 
be emphasised, especially when these bear some relationship to 
the proposed electronic structure for the metal carbonyl bond.
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With very few exceptions the metal atoms in metal 
carbonyls and their simple derivatives attain the effective 
atomic number (E.A.N.) of the next inert gas. Thus Cr, F e , and 
Ni, which have an even number of electrons in their valence 
shells, can form mononuclear carbonyls whereas the simplest 
members of M/6 and Co are dimeric species involving metal-metal 
bonds which effectively pair the odd electrons to give diamag­
netic compounds. The only known exception to this "E.A.N. 
rule" for the pure metal carbonyls is V(C0)g [17] which exists 
as an unstable paramagnetic solid. The E.A.N. rule implies 
that all such compounds are spin-paired, and this is born out 
by magnetic measurements. Further to this, the calculated 
energies required to convert the metal atoms from the ground 
state to the dn spin-paired configuration show that Cr^0  ^ and 
Fe^0  ^ have low ionization potentials compared with Ni^0 .^
The expected stabilities for the carbonyl compounds, assuming 
that the release of metal electrons through back bonding is of 
prime importance, is thus Cr, Fe ^ Ni. Cotton, Fischer and 
Wilkinson have estimated & H  values for the M - CO bonds as 
89, 87 and 77 kcal. for Cr(CO)^, Fe(CO)^ and Ni(CO)^ respective­
ly [18]. The as cending CO stretching frequencies and force 
constants along this series supports the idea of descending 
MC 7r-bond order [13]*
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From the Foregoing discussion of the bonding in the MCO 
system it appears that stability is maintained largely through 
MC^ back-bonding. It is not surprising, therefore, that all 
known derivatives of the metal carbonyls involve metal atoms 
in relatively low oxidation states. Indeed, the production 
of low oxidation states for a metal demands the use of strong 
7T—acceptor ligands. The lowest oxidation state of metals
stabilized by simple complex formation is —2. This occurs in 
the Fe - Ru - Os triad in the carbonyl hydrides, H2M(C0)^.
The structure of the iron complex has been established to be 
basically tetrahedral, as has also the cobalt carbonyl hydride, 
HC6(C0)^ [19]. The hydrogen is essentially protonic, as 
shown by its substitution by metal ions, but also contains some 
covalent character as fundamental metal—hydrogen stretching 
frequencies have been observed at about 2,000 cm. Despite
this, the author considers that a comparison of CO stretching
) 2—  —
frequencies along the series [Fe(C0)^_] , [Co(CO)^] , and
Ni(CO)^ constitutes a valid comparison of the bonding in the 
respective MCO systems. The observed trend is one of increas­
ing frequency along the series [20], which is entirely compatible 
with the expected decrease in MC ?r-bonding associated with the 
reducing negative charge on the metal.
Most of the common derivatives of the metal carbonyls
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are prepared by direct substitution of one or more carbonyl 
groups by other ligands. Very rarely, however, does ligand 
replacement of all the carbonyl groups take place, cyclopenta- 
diene being the notable exception here in forming bis-cyclopenta- 
dienyl metal11 "sandwich" compounds from the carbonyls of Cr,
Fe, Co, and Ni [21,22]. Reference has already been made to 
reviews which cover the.field of metal carbonyl derivatives, 
but briefly, the ligands most commonly involved in displacement 
reactions are those which can enter into it—bonding with the 
metal, albeit less effective than CO itself. This includes 
neutral ligands of the type NO, CNR, PR^, AsR^, SbR^, o-phenan- 
throline, 1 :10-dipyridyl and pyridine, and ionic ligands of 
the type CN , SR , Cl , Br , I . However, capacity for 
w-bonding with the metal is hot essential as shown by the forma­
tion of carbonyl derivatives with such ^-bonding ligands as 
ammonia or diethylenetriamine.
The introduction of a ligand into a metal carbonyl by 
replacement or otherwise leads to an alteration in the electron 
density at the metal. This results in a redistribution of 
electronic charge throughout the bonding M.0.*s, and more 
specifically throughout the MCO w-systems. As has been stressed
previously., any increase in MC 7r-bond order is reflected in a 
decrease in CO 7r-bond order, and vice versa. As the CO
stretching frequency is a convenient measure of the strength of 
bonding in the carbonyl group this has frequently been used as 
a means of correlating the properties Of ligands with their 
effect on the electron distribution in the molecule* Table 1, 
compiled from references 13 and 23, shows the carbonyl stretch­
ing frequencies of molybdenum hexacarbonyl and some of its 
derivatives, and illustrates their value in assessing electronic 
effects semi-quantitatively.
Increasing replacement of CO by o^-phenylenebisdimethyl- 
arsine(diars.) results in a decrease of CO stretching frequencies. 
This is interpreted as being due to the decrease in CO w—bond 
order, concomitant with an increase in MC w-bond order, caused 
by an increase in the electron density at the metal which 
follows from the replacement of CO by a ligand less effective 
as a d^-acceptor. Comparable arguments can be developed for
the observed decrease in CO stretching frequencies in the other 
two series. The increasing electron density at the metal 
along the ligand order PCl^, ^PClg, c^PCl, 4>^P> where
dp = phenyl, is ascribed to the decrease in electronegativity 
of the groups attached to the donor atom. In this case the 
lone pair of electrons on the phosphorus becomes progressively 
easier to polarise inferring an increasing transfer of negative 
charge to the metal. If this was the overriding effect for
T
A
B
L
E
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the ligands in the third row of the table, however, the CO 
frequencies would be expected to rise from ^ S b  to The
observed decrease shows,in the author*s opinion, that the 
governing factor here is the decreasing w—acceptor ability of 
the donor atom. The final member of this series, a derivative 
involving the purely CT—bonding ligand diethylenetriamine(dien•) 
shows a remarkable drop in frequency. Until the structures 
of these complexes had been established as monomeric ois-
tricarbonyls of C,_r symmetry a CO stretching frequency below
y f
1850 cm* ^ was generally thought to belong to a bridging group, 
this being the order of CO frequencies in cyclic ketones.
The interpretation of I.R, spectra in the carbonyl 
stretching region has played an important role in the present 
investigation of osmium carbonyl halides and their derivatives. 
This has been applied to both structural and electron distribu­
tion considerations, a valuable part of the latter being based 
on the frequency shifts observed when compounds were examined 
in different solvent media.
The metal carbonyl halides can be considered as a 
separate class of carbonyl derivatives and special reference 
will now be made to them.
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(4) Metal carbonyl halides
The elements which form metal carbonyl halides do not 
correspond exactly with those which form pure metal carbonyls* 
Thus no G-roup VI metal carbonyl halides are known — although 
several diarsine derivatives have been prepared for Mo and 
W [24] - . On the other hand Pd, Pt, Cu and Au all form stable 
carbonyl halides but the parent carbonyls are unknown. It 
has been suggested [25] that the high ionization potentials 
for Pd^0  ^ and Pt^0  ^ in the d ^  configurations prohibit d^-back 
bonding and so prevent this stabilising factor for carbonyl 
formation from taking place.
The oxidation number of the metals which form carbonyl 
halides is commonly 1 or 2, This is conveniently expressed 
in the monomeric series
ReI(CO)5X 0sI:C(C0)4 X2 IrI (C0),X PtI:t(C0)2X2
AuX (CO)X,
where X represents a halogen, showing that these compounds are 
more akin to the usual metal complexes than to the zero-valent 
carbonyls. Thus the E.A.N, rule breaks down in a number of 
cases, and the more usual stereochemistry is observed,
P ^ ( C O ) b e i n g  square planar and Au(C0)X linear. In general, 
the metal halogen bond is definitely a directional covalent 
linkage, and as fully covalent complexes the metal carbonyl
-26-
halides are frequently volatile. The polarity Of the MX bond, 
however, leaves the metal with a formal positive charge which 
helps to strengthen the M-CO cr-bond, but reduces the necessity 
for it back bonding. The resultant flow of electrons towards 
the metal in the 7r-bonding system causes an increase in the 
delocalization of the oxygen lone—pair towards the carbon atom, 
and this tends to produce a rise in the CO stretching fre­
quencies compared with those of the parent carbonyl. Against 
this, where replacement of a carbonyl group by halogens has 
taken place, the weak d - d back bonding from the metal to 
the halogens tends to produce a decrease in the CO stretching 
frequencies from the arguments presented earlier. The observed 
frequencies provide the key to the overriding factor in each 
case.
The general preparations of the metal carbonyl halides 
have been reviewed [12,15]. Important methods of preparation 
include the reaction of halogens with the pure carbonyls, a 
technique usually employed for the production of Mn and Fe de­
rivatives, and the reaction of carbon monoxide with metal 
halides. This latter process has been carried out at atmos­
pheric and higher pressures on the anhydrous metal halides, 
with and without the use of halogen acceptors such as copper. In 
the case of the coinage metals reactions have also been carried
out with aqueous solutions of the halides* Finally, several 
platinum carbonyl chlorides have been prepared by reacting a 
gaseous mixture of carbon monoxide and chlorine with the free 
metal.
Stepwise removal of carbon monoxide generally results on 
heating the CO—rich metal carbonyl halides with the formation of 
di— or polymeric species. Bridging in these compounds is 
apparently always effected through the halogen atoms in prefer­
ence to the CO groups.
Thus :
X \
2 Mn(CO)5X ( O C ) ^ M n ^  ^ M n ( C O ) ^  + 2C0 [26]
X
Reactions undergone by this class of compounds generally 
involve displacement of carbonyl groups by other 7r-bonding 
ligands, but, as with the pure metal carbonyls, reactions very 
rarely involve complete removal of CO from the molecule. Again, 
the substituting ligands are not entirely restricted to those 
capable of accepting metal d-orbital electrons through 7r-bonding 
as shown by the substitution reactions of, e.g. ammonia. Sub­
stitution of the halogens is also known [27],
At this stage a very brief mention of the salient fea­
tures of the chemistry of osmium is appropriate. The variabil­
ity of oxidation states common to transition metals reaches
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a maximum with Ru and Os. Oxidation states of (-2),0,(l),2,
3,4,5,6,7 and 8 are known for osmium, the 4 and 6 states being
tire most usual. The oxidation state of 8 is worth special
mention as no other group attains such a high value, Both
ruthenium and osmium form volatile tetroxides. The ruthenium
compound is very readily reduced and can only be obtained from
strongly oxidising media, but the osmium compound is quite
stable and is formed in preference to the dioxide when the metal
is heated in air. This tendency of the heavier transition
metals to show a marked preference to form compounds of higher
oxidation states is common to all groups, and is also shown in
their decreasing stability of the lower oxidation states.
IIThus, although iron forms a range of stable Fe compounds 
the only simple compound recorded for osmium is the dichloride 
which is formed in the disproportionation of OsCl^ at elevated 
temperatures. Stabilisation of this oxidation state is, 
however, quite readily achieved by complexing with ligands 
capable of entering into back-bonding with the metal. Such
2 4*
are the well-characterised ions [Os(o-phen.)^] and 
2 +
[Os(dipy)^] both of which have been separated into their 
optically active enantiomers [28,29]. The osmium carbonyl 
halides and the derivatives presented in this work are also 
representative of complex stabilised Os^^ compounds.
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The first preparation of an osmium carbonyl halide w&s 
reported by Manchot and K8nig [30] in 1925. They passed carbon 
mondxide over osmium trichloride at 270°C and obtained a white 
crystalline residual solid after leaching the crude product 
repeatedly with carbon tetrachloride. This they characterised 
as O s ^ O ^ C l g .  I*1 1942 Hieber and Stallmann [31 ] reported the 
discovery of a number of osmium carbonyl halides
0s(C0)^X2 0s(C0)3X2 (X = I, Br, Cl)
0s(C0)2X2 0s(C0)^X (X = I, Br)
The tetracarbonyl dihalides were prepared by the action 
of carbon monoxide at elevated temperatures and pressures on 
the various types of osmium halide, 0s(C0)^I2 was prepared at 
100 - 120°C from osmium oxyiodide at 200 atms. pressure of CO; 
0s(C0)^Br2 was prepared at 100° or l60°C from the enneabromide 
under similar pressures of CO; 0s(C0)^Cl2 was prepared at 
120°C from osmium trichloride at 200 atms... pressure of CO,
When these same halides were reacted with carbon monoxide at 
atmospheric pressure using somewhat higher temperatures ( '~v^250°C) 
the tetracarbonyl dihalide was again produced in the case of 
the iodide, but the tricarbonyl dihalides were formed in the case 
of the bromide and chloride. The action of heat on the tetra— 
carbonyl dihalides resulted in the loss of CO
and the formation of the corresponding tricarbonyl
dihalides in every case. On increasing the temperature the 
dicarbonyl dihalides were produced for the iodide and bromide 
by further removal of CO, but efforts to obtain the dicarbonyl 
dichloride by this means resulted in complete breakdown of 
the complex,
Ex.
were reported for the iodide and bromide when more severe con­
ditions were used than required for the preparation of the 
tetracarbonyl dihalides.
No physical measurements were carried out on the carbonyl 
halides themselves, except for analysis and the molecular 
weight determination?, for the tetracarbonyl monohalides, and, 
although the tetracarbonyl dichloride was shown to react with 
concentrated aqueous ammonia and pyridine with the liberation 
of carbon monoxide, no attempts were made to characterise the 
products. Since these investigations were carried out the pure
Osmium oxyiodide 12Q°C
+
200 atms.CO i
Os +2C0 + I2< *°-£~-  0 s (C0)2I2 + CO
i ^
Finally, dimeric Os compounds of the type [0s(C0
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carbonyls Os(CO)p. and 0s^(C0)12 have been prepared and character­
ised but no further work has been attempted on the carbonyl 
halides. It is for these reasons that the present investiga­
tions were undertaken. I.E. absorption studies of the more 
soluble osmium carbonyl halides have been conducted in the CO 
stretching frequency region in an attempt to provide a continuity 
in the study of metal carbonyl bonding, and several previously 
unreported derivatives of these compounds have been prepared 
and characterised.
32-
S E C T I O N  IIo
EXPERIMENTAL METHODS
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1, Analysis of Osmium
The analysis of* the platinum metals in general has "been 
of considerable concern to chemists for a long time. The volume
of literature published on this topic bears witness to this,
A wealth of information has been collated in critical reviews 
on the analysis of the platinum metals for gravimetric [32], 
colorimetric [33], and volumetric [34] procedures.
The analysis for osmium has always presented difficulties. 
The procedures attempted during the present work are outlined 
below, including those methods which were unsuccessful.
Accounts of these are discussed in somewhat more detail than 
appears necessary at first sight, but the authorities on the 
subject are so lacking in uniformity of opinion [32-38 inc.] 
that it was felt necessary to comment objectively on some of 
the more highly recommended methods,
( O  Thermal decomposition to the metal 
A well established, rapid, and comparatively simple 
technique for the analysis of ruthenium complexes is to heat 
the compound to be analysed in a stream of hydrogen and weigh 
the residue as Metallic ruthenium [38,39,4-0]. This was basically 
the technique used by Hieber and Stallmann for the analysis of 
osmium carbonyl halides, the details being recorded by Hieber 
and Legally [4-1] who used carbon dioxide as the inert atmosphere
-34-
in the thermal decomposition of iridium carbonyl.
In the present work the quantity of material available
for^analysis was very small so analyses were carried out on a .
)
micro scale. The compounds were thermally decomposed by 
heating in an atmosphere of hydrogen in a quartz tube taking 
precautions to ensure no volatilized material could escape 
decomposition. The metallic mirror of osmium so formed was 
stabilized from aerial oxidation to the tetroxide by allowing it 
to cool in an atmosphere of carbon dioxide [32,35]« spite
of this, no consistent results could be obtained due to the re­
peated, and comparatively large, discrepancies in weight of 
the quartz tube before and after heating to the temperatures 
demanded for complete decomposition.
(ii) G-ravimetric procedures
For small quantities of osmium Schoeller and Powell 
recommend . the precipitation of the sulphides and subsequent 
ignition to the metal [33], and Beamish recommends the pre­
cipitation of the strychnine derivative from the hexabromoosmate 
[32,42] and subsequent ignition to the metal. Both methods 
have been attempted.
(a) Precipitation of the sulphides.
The method outlined in reference 3 8 was adopted.
The compound to be analysed was fused with potassium
-35-
hydroxide and potassium nitrate to produce potassium osmate,
KnOsO,. Osmium tetroxide was distilled from the extract,made 
2 4
strongly acidic with nitric acid, and the distillate collected 
in a series of receivers containing a solution of sodium 
hydroxide and ethanol# The sulphides were precipitated by 
saturating the resulting solutions with hydrogen sulphide, 
warming, and acidifying with hydrochloric acid. After standing 
overnight the precipitate was filtered off, washed, dried and 
ignited in hydrogen, cooled in carbon dioxide, and weighed.
The crucible was then heated in air to constant weight, 
volatilizing the osmium as osmium tetroxide [35]* The weight 
of osmium precipitated was given by the difference of these 
weighings.
This method provided no consistency of results, low 
values being obtained in most attempts.
(b) Precipitation of a strychnine derivative*
The procedure followed was essentially that described in 
reference 38 but with some alterations to take into account 
the findings of Beamish [32] that the precipitation of the 
chloroosmate complex was incomplete.
The osmium was obtained as the tetroxide and collected 
in a solution of sodium hydroxide and ethanol as described above* 
The contents of the receivers were transferred to a conical flask
and warmed to 40^ — 30°C to ensure complete conversion to sodium
osmate, Na„0s0, * The solution was then acidified with hydro- 
7 2 4
brdmic acid and heated to boiling to produce sodium hexabromo—
osmate, Nag[0sBrg]. This was followed by neutralisation and 
the addition of an excess of strychnine sulphate when,quoting 
the literature, a red brown precipitate appeared which was 
coagulated on a water-bath, filtered, and washed well to remove 
the bromides. The precipitate was dried and ignited in hydrogen 
and weighed as osmium metal.
The solution in the first receiving flask turned pink 
when the osmium tetroxide reached it, so confirming the pro­
duction of sodium osmate. However, the acidification stage 
produced a purple colloidal suspension which gradually coagul­
ated to form a precipitate. The neutralisation following 
this hastened the precipitation of a purple—black solid, and 
the addition of a saturated solution of strychnine sulphate 
produced no trace of the expected "red—brown precipitate”.
The procedure was repeated several times whereby it was
found that rapid acidification with hydrobromic acid sometimes 
produced turbidity. When this occurred the characteristic 
odour of osmium tetroxide was readily detectable.
On very cautious addition of the acid to the cold sodium 
osmate solution a dark red—brown solution was suddenly obtained
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at about pH 8 or 9. As soon as neutrality was reached, however, |
the solution rapidly darkened and precipitated the purple—black j
solid described above. Maintaining the solution at the stage j:
where the red-brown colouration was obtained and adding a j
saturated solution of strychnine sulphate merely resulted in 
the precipitation of strychnine.
The enigmatic "red-brown precipitate" of the strychnine
derivative from sodium hexabromoosmate could never be obtained :
I
in the present work by this procedure. Presumably something |
of this nature dogged Ayres and Wells in 1950 as they were j
obliged to publish the fact that they found "serious diffi­
culties" when attempting the analysis for osmium involving the 
precipitation of a strychnine derivative [43]*
(iii) Snectronhotometric analysis of osmium as a 
thiourea complex
Since 1918, when Chugaev (sometimes written Tschugaeff) 
noted the formation of a red complex with thiourea [44]f several !
publications have appeared having some bearing on the applica­
tion of this reaction to the colorimetric determination of 
osmium. Both G-ilchrist [453 and Sandell [46] favoured the 
collection of osmium tetroxide in a solution of thiourea made 
slightly acidic with hydrochloric acid and saturated with 
sulphur dioxide. Ayres and Wells [43] measured the percentage
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absorbance of the osmium thiourea complex over a range of con— j
centrations and showed that maximum accuracy was obtained over 
the^concentration range 8 to 40 parts per million. They also 
showed that the temperature coefficient of transmittancy was 
very small. Dwyer and G-ibson [47] prepared the complex by warm­
ing a hexabromoosmate in excess hydrobromic acid with a thiourea- 
stannous chloride mixture in I N  hydrochloric acid, Allan and j
Beamish [48] described a rather involved apparatus for the dis­
tillation of osmium tetroxide which was used for both the 
hydrolytic and colorimetric determinations of osmium. This was j
I
somewhat simplified by Beamish et al. [49] in a later publication, j
I
The most relevant article to the present work was that 
written by Sauerbrunn and Sandell [50]. They finally establish­
ed the nature of the absorbing osmium-thiourea complex in solu­
tion as [0 s (NH2CSNH2 ) g ] ^  + . This agreed with the original 
formulation given by Chugaev for the isolated solid, but not with
a later paper [51] in which he decided that a better representation
XV IIT
was one involving Os and not Os • A series of absorbance
curves were obtained (not shown) for molar ratios of thiourea to !
osmium from 6 : 1 to 15 : 1 in 0.25M* sulphuric acid using a
constant concentration of osmium. The earlier measurements
would have involved a mixture of the red [0s(NH2CSNH2 )g ] a n d
brown 0s(0H)^ complexes, and it was shown that these were the
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only two absorbing species present in solution by the observation i
of an isosbestic point at 440 m(a. A plot of transmittancy 
against molar ratio at 480 mp, showed a steady increase in ab­
sorbance until the ratio of thiourea to osmium reached 11 : 1* j
Further additions of thiourea caused no increase in absorbance, 
thus showing that complete conversion of osmium to the hexa— 
thiourea complex had taken place, this now being the only 
absorbing species present in solution. i
Support for the formulation of the complex as 
[0s (NH2CSNH2) g ] w a s  given by the observation that the red I
species in solution moved towards the cathode in migration ex- j 
periments, and by the fact that the formation of the complex was | 
not inhibited by high acid concentrations (e.g. 6N perchloric or 
sulphuric acids). Thus the osmium III complex is in marked 
contrast to the olive green complexes formed with ruthenium III 
and thiourea, [Ru(NHCSNH2 )]2+ and [Ru(NHCSNH2)^ ], which are 
strongly dependent on hydrogen ion concentration [52]. j
The presence of a large excess of chloride ion was shown 
to destroy the hexathiourea—osmium complex. Absorbance curves 
in the visible region show the continual depression of the 480 mji 
peak with increasing chloride ion concentration. Mixed chloro— 
thiourea complexes of the types [0s(NH2CSNH2 )5Cl]2+ and 
[0s(NH2CSNH2)^Cl2 ] are proposed as the possible species in
-40-
solution under these conditions.
Finally it was observed that the hexachloroosmate ion,
2—  *[OsCl^] , reacted with thiourea quantitatively to form the same
hexathiourea-osmium III complex. However, this reaction was 
slow even when stannous chloride was added to hasten the reduction 
and the temperature increased to 100°C.
In the present work the readily purified compound 
ammonium hexachloroosmate (see Section III, p • 77If and reference 
[53]) was used as a primary standard. At first it was attempted 
to convert standard solutions of this salt directly to the hexa- 
thiourea—osmium III complex by the method mentioned above. It 
was hoped to obtain a series of absorbance curves for known 
concentrations of osmium as the thiourea complex in this way 
and so determine the most suitable wavelengths for measuring 
optical densities and check that Beerfs law was obeyed over a 
reasonable range of concentration. The method was not parti­
cularly successful. The expected rose-red colour was developed 
after a short time by warming on a steam-bath, but before 
reaction was complete the solutions darkened to a muddy brown 
colour and had to be rejected.
Standardising analyses were finally carried out by the 
following technique. Weighed samples of ammonium hexachloro— 
osmate were fused with potassium hydroxide (5 g.) and potassium
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nitrate ( lg.) in a silver crucible at low temperature. The 
cooled melt was dissolved in water to give an alkaline solution 
of potassium osmate# This was transferred to a distilling flask, 
made strongly acidic with nitric acid, and heated to boiling. 
Distillation was allowed to continue for 15 mins. to remove all 
the osmium as the volatile tetroxide, and the distillate 
collected in a series of receivers containing a large excess of 
thiourea dissolved in 0.5M perchloric acid. Perchloric acid 
was chosen in preference to hydrochloric acid as Sauerbrunn and 
Sandell [50] stated that no evidence was obtained for any other 
species in solution besides [0s(NH2CSNH2 )g] even in high con­
centrations of this acid.
A diagram of the apparatus employed in the present work 
for the collection of osmium tetroxide is given in fig.(iii).
If the condenser is not included the solution in the receivers 
becomes too hot causing oxidation of the thiourea, deposition of 
sulphur, and the formation of an orange-brown solution.
The all-glass apparatus was continuously kept under slight­
ly reduced pressure. The distilling flask and condenser joints 
were moistened with water, and the joints of the receiving flasks 
were kept dry. No grease, rubber, or any organic material was 
allowed in the apparatus where contact with osmium tetroxide was 
possible. After the addition of nitric acid from the dropping
L,
CL
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t
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funnel the tap was left open and a continuous stream of air was 
drawn through the apparatus. Most of the osmium was oollected 
in^ the first bulb of the receiving unit, and the remainder was 
collected in the second bulb. No colouration was ever observed 
in the third bulb, and as 1 part of osmium in 5 million can
be detected by this reaction [45] the extraction of the tetroxide 
was evidently complete at this stage. After distillation the 
distilland was allowed to cool while a continuous stream of air 
was drawn through the apparatus for a further 20 mins. By
this means any dissolved oxides of nitrogen were flushed out of 
the apparatus.
Experience taught that the fusion stage was quite critical. 
After the melt had been produced the decomposition of the com­
plex followed quite rapidly to give a clear red solution.
While reaction was in progress the surface of the melt was 
turbid, but as soon as all the osmium had been converted to 
potassium osmate the turbidity disappeared. Maintaining the 
fusion mixture in the molten state for more than 5 mins. after 
this stage often led to low results, and always to an unnecess*- 
ary amount of corrosion of the silver crucible. Again, 
extracting the cooled mass directly from the crucible often led 
to low results and bad staining of the crucible, whereas removal 
of the cooled fused mass as a pellet left the crucible clean
—A4—
and provided more reliable results.
Approximately 13 nig. of the ammonium hexachloroosmate 
(equivalent to ^  3 x 10 solutions when made up to 100 ml.) 
were weighed out for each run. The solutions from the receiving 
vessels were combined and the total volume made up to 100 ml. 
with 0.5M perchloric acid in a standard flask. Optical densi­
ties of the resulting solutions were measured on a standard 
Unicam S.P.500 spectrophotometer in 1 cm, pyrex cells after 
allowing •§• hr, for the attainment of equilibrium.
The compensating cell was filled with 0.5M perchloric 
acid having ascertained that no absorption occurred in the 
visible region for a mixture of thiourea, perchloric, and nitric 
acids in approximately the same ratio as was expected to exist 
in the final solutions. A typical absorption spectrum over the 
visible region is presented in fig,(iv) and the appropriate ab­
sorption data recorded in Table 2, Prom the spectrum it can be 
seen that maximum absorption occurs with a comparatively sharp 
band near 4-80 mp. A plateau is also evident centred around 
550 mp, and measurements at this wavelength together with those 
at 2f80 mp provide the basis of the analysis for osmium in the 
pre sent work.
The solutions obtained above were successively diluted 
with 0.5M perchloric acid and a plot of concentration against
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optical densities at 4-80 and 550 mjj drawn up. The best set of 
data have been recorded in Table 3 and the corresponding 
graphical representation presented in fig.(v). Beer’s law is 
seen to hold over this concentration range, and the fact that 
the straight line plots extrapolate through the zero point 
confirms that the urea complex is the only species absorbing 
at these wavelengths.
TABLE 2
Absorption data for [OsCNHgCSNHg)^]
X
I
log —  
I
X
I
log—
I
X
I
log —  
I
I
X log
I
400 0.136 465 0.672 500 0.651 570 0.672
410 0.144 470 0.748 510 0.623 580 0.610
420 0 • 166 475 0.839 520 O .663 590 0.502
430 0.192 480 0.902 530 0.692 600 0.360
440 0.238 485 0.892 540 0.704 610 0.224
450 0.394 490 0.817 550 0.706 620 0.118
460 0.604 495 0.720 560 0.700 630
_
0.061
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Beer’s Law plot for [0s(NH2CSNH2 )g] 
at 480 and 550 mjj.
3+
Solution Molar concn. 
Os x 10^ "
I
Log—  (480 mp.) 
I
I
Log —  (550 mp.) 
I
A 3.440 1.428 1.108
B 2.866 1.181 0.921
C 2.293 0.953 0.740
D 1.720 0.717 0.557
E 1.146 0.476 0.369
Out of a series of five standardising experiments, four 
gave a series of optical densities which were individually 
within ~2fo of the values predicted from this graph. It was 
found that the reliability was comparable for measurements made 
at 480 and 550 mjj, although the latter wavelength has the ad­
vantage of being on a plateau which obviates the dangers of 
inaccuracy due to a machine fault such as slight errors in 
wavelength scale settings.
All measurements of optical densities were carried out at 
room temperature, the refinement of a constant temperature cell
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compartment being unnecessary due to the very small temperature 
coefficient of transmittancy [43]*
The analyses of osmium compounds described in this work 
have been carried out by preparing the hexathiourea~osmium III 
complex'in exactly the same way as described for ammonium hexa- 
chloroosmate, measuring optical densities at 480 and 550 mjj., 
and interpolating the percentage of osmium from the calibration 
graph* An overall accuracy of about 2% is claimed which com­
pares favourably with the usual standards of accuracy in spectro- 
photometric analyses. It is felt that the reliability of this 
procedure, and the simplicity of apparatus and technique provide 
a significant advance in the analysis of osmium.
2. Analysis of Halogens
The method finally adopted was an adaptation of the 
osmium analysis. An excess of silver nitrate was introduced 
with the nitric acid at the acidification stage, so providing the 
correct conditions for precipitation of the silver halides in 
the distilling flask. Coagulation of the precipitate occurred 
during the distillation of osmium tetroxide from the liquor, and 
normal gravimetric procedures followed.
Analysis of Phosphorus
The amount of phosphorus present in the quantity of
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; j
; j
i i ; !
samples available for analysis was of the order of 3 to 4 mg*
I
The more reliable gravimetric technique, involving the precipita- |
i i
tion of ammonium magnesium phosphate with subsequent ignition j
to magnesium pyrophosphate [38a], was thus unsuitable due to the j
I
unfavourable weight ratio of phosphorus in the final compound. 
Choice thus lay between a colorimetric estimation of phos- |
phorus (e . g* [ 5A-] ) or the gravimetric procedure involving the 
precipitation of the massive ammonium phosphomolybdate molecule, 
(NH^)^P0^. 12Mo0^, and weighing as such [38b]. The latter method j
was chosen. |!
The precipitating reagent, ammonium molybdate, was made j
up as specified in . - reference 55 • The sample preparation 
necessarily involved the complete removal of all organic matter, 
and the oxidation of phosphorus to orthophosphate. This was 
carried out by treating the compounds for analysis with a 
mixture of sodium molybdate, and concentrated sulphuric, nitric, 
and perchloric acids in the so-called "catalytic wet oxidation" 
procedure [38b]. This vigorous oxidation also removed the 
osmium as osmium tetroxide leaving a solution of orthophosphate j
in strongly acidic solution. This solution was treated 
according to the following scheme :~
(i) The free acid was nearly neutralised by the addition 
of ammonium hydroxide.
(ii) Nitric acid was added to the resulting solution,
5 ml. cone* acid to every 100 ml. solution (Best volume ca.
150 ml, ).
(iii) To the slightly warmed solution (not over 45°C) 
ammonium molybdate was added (2 . - 5 ml. of the standard reagent).
(iv) The resulting yellow solution was shaken in a 
conical flask until a cloudy precipitate of ammonium phospho- 
molybdate appeared. It was then allowed to settle without 
further heating for one hour.
(v) The precipitate was filtered off and the filtrate 
tested with further ammonium molybdate. The combined precipi­
tates were washed with 1^ nitric acid solution, then 1% ammonium 
nitrate solution, and finally water before drying at 110°C for
2 hours, cooling and weighing.
The efficacy of this procedure was checked using a stand­
ard solution of orthophosphate containing 3.983 mg. phosphorus 
per aliquot. Out of a series of five estimations, four were 
within 2% of the expected value, and the fifth was just outside 
this limit.
No further error seemed to be incorporated by the 
"catalytic wet oxidation” first carried out on the samples, 
so again an accuracy of about 2% is claimed.
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4• Molecular YTeight Determination
Classical cryoscopic methods could not be used in the 
present work as the compound of interest (osmium tricarbonyl 
diiodide) was only soluble to a very limited extent in most 
organic solvents* The so-called isopiestic method was em­
ployed* This essentially allows two solutions to arrive at 
vapour pressure equilibrium by isothermal distillation, the 
vapours of the solutions being in contact with one another in 
an evacuated system. The method was first described by Signer 
[56], but the apparatus and technique used in the present work 
was as described by Clark [57]*
At equilibrium, assuming Raoult1s law, the following 
relation holds :-
M^*V1»Wg
where M = molecular weight of solute, V = volume of solution, 
w = weight of solute, and the subscripts 1 and 2 refer to the 
standard and compound respectively.
Since osmium tricarbonyl diiodide was the only compound 
studied in this way it is convenient to give the experimental 
details here.
Useful solvents for isopiestic studies are restricted to 
those of relatively high volatility. Chloroform was selected
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as probably the most suitable, the non-polar solvents having 
to be rejected owing to insufficient solubility of the osmium 
tricarbonyl diiodide. Over a week was required for the disso­
lution of 50 mg. of this compound in 25 ml# of chloroform with 
frequent shaking of the mixture, Azobenzene was used as the 
standard solute, the final solution containing 10 mg. in 25 ml. 
of chloroform.
Aliquots of 2 ml, of each of these solutions were 
pipetted into separate limbs of the apparatus and the filler 
tubes sealed off, the second whilst holding the apparatus under 
vacuum. The whole unit was then immersed in a constant tempera­
ture bath and a period of 14 days allowed for the system to 
reach equilibrium. The final volumes were incorporated in the 
above equation to calculate the required molecular weight.
Re suit s (a) M.Wt. = 7^4
(b) M2 = 809
Theoretical M.Wt. 0s(C0)^I2 = 528
[o s (c o )3i 2 ]2 = 1056
Before commenting on these results the author would like 
to mention a visual observation made during these experiments.
The osmium tricarbonyl diiodide solution exhibited a series of
colour changes over a long period of time while standing in a 
sealed flask in the presence^sunlight. Evidently some form 
of decomposition was taking place in solution, and in all proba­
bility this was photochemical in nature [58]. As dissolution 
and the attainment of equilibrium occupied an appreciable time 
it is likely that some decomposition products were present in 
the final solution. This means that the calculated value of 
the molecular weight of osmium tricarbonyl diiodide was in error. 
The author believes, however, that the results obtained do give 
evidence of some polymerisation of the original compound. This 
would seem to be supported by its relative lack of solubility 
compared with osmium tetracarbonyl diiodide, and the arguments 
put forward in Section IV,pp.133-136^.
5* Infrared Absorption Measurements
The machine used in the present work was a G-rubb Parsons 
double beam recording spectrophotometer fitted with a G-.S.2A mono­
chromator. A Nernst filament was used as the source of I.R. 
radiation. Primary dispersion was effected by double reflection 
through a fore-prism (CaPg from 2 —  ^5(Jt* or KBr from 5 —*^25(i)>
fe-Xro-c h i o  r \
and this was refined by refJre-ctioai from a grating having 1,200
—1
lines/inch giving a maximum resolution of 2 cm. . The source 
radiation was split by a system of mirrors to pass through two
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equivalent cells, producing the so-called sample and reference
O
beams. These were fed into the monochromator alternately by 
means of reciprocating mirrors, the radiation finally being re­
ceived on a heat sensitive detector. When the energy received 
from the two beams differed, an electrical imbalance was pro­
duced which caused a rapid compensatory movement of the reference 
beam attenuator comb until balance was once more obtained.
This movement of the attenuator comb was mechanically linked to 
the arm of the recording pen which thus drew out a trace corres­
ponding to the changes in energy resulting from absorption in 
the sample beam which were not compensated by absorption in the 
reference beam.
The recording system was linear with wavelength, the 
total range of the instrument being covered in four orders 
of reflection from the grating (4th order 2 - 2.5(i> 3^d Order 
2.5 - 3*7(jl, 2nd order 3*5 - 5(i, 1st order 5 - 25(i). As 
indicated the scanning proceeded to 25(i, but measurements below 
20(j were suspect as the energy was low in this region causing 
sluggish response of the recording system even at high gain 
settings.
A variety of scanning and chart speeds were obtainable. 
Various cells were provided for mulls, together with fixed and 
variable path-iength cells suitable for solution work. Also
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a limited number of gas cells w e re available. Cell windows 
were of rock salt (2 - 15|i), potassium bromide (2 — 25(i), and 
calcium fluoride (2 - 9{-0, the first two requiring regular 
polishing to maintain their clarity.
In the present work, whenever a compound could be isolated 
as a solid crystalline material, a"fingerprint” I.R, spectrum 
was obtained from 4*5 — 25jjl* Such spectra were run as Nujol 
mulls using potassium bromide as the cell windows material.
The chart speed was kept at 1 in,/min., and the scanning 
speed at lp/min.
For most of the compounds prepared the CO stretching 
frequency region was investigated more thoroughly, compensated 
solution spectra being obtained under high resolution con­
ditions and slow scanning speeds. The procedure for obtaining 
such solution spectra has been outlined in Section IV, Part 2.
6, Computation
In order to hasten the calculation of force constants 
by the methods outlined in Section IV, Part 1, and to exclude 
the possibility of errors, use was made of a Sirius Ferranti 
Computer. Programmes were prepared on punched tape in a 
suitable autocode instruction for the calculation of force 
constants from any three of the four observed CO stretching
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frequencies of cjlg—MLg( molecules of symmetry, and for
the back-calculation of the fourth frequency,
A programme was also developed for the calculation of 
CO stretching force constants for this type of molecule 
using assumed values of the stretch-stretch interaction 
constant.
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S E C T I O N  III
EXPERIMENTAL
-59-
PART 1
Preparation of Osmium Carbonyl Halides 
Preparations of osmium carbonyl halides have been 
attempted at atmospheric and higher pressures* Reactions in­
volving the use of high pressures were carried out in a 
rotating steel autoclave*
1* Description of the autoclave
The essential features of the rotating autoclave are 
shown in fig*(vi). It consists, basically, of a steel chamber, 
A, of minimum thickness in*, fitted with a copper gasket, G-, 
to seal it to the "head”, B, which has a thermometer well and 
an inlet tube fixed to it so that they are housed in the main 
chamber when the autoclave is assembled for use. Leading away 
from the chamber through the inlet tube is a T-joint, one arm 
of which houses a thin steel cap which acts as a safety blow- 
off valve, V. The far end of the T-joint is connected to a 
pressure gauge, P, via a coil of thin steel tubing, and the 
gauge is in turn connected to the filling cylinder through a 
valve system. The main chamber is locked in position into 
an outer jacket, C, by means of a retaining nut, N. The 
heating coil which is housed in the jacket and sealed with 
refractory material is fed from the mains via a "Variac”
- 6 0
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fig. (vi)
transformer which acts as a temperature control* The motor, M, 
is linked to the main frame of the assembled autoclave to pro­
vide the rocking action* The operational techniques will be 
described where necessary during the accounts of the specific 
preparations*
2* Osmium carbonyl iodides
(a) Preparation of osmium oxyiodide [31] •
The starting material for all osmium compounds was the 
commercially obtainable osmium tetroxide, a pale yellow, semi­
crystalline and volatile solid which possesses a characteristic 
odour. It was obtained in one-gram samples sealed in glass 
ampoules, these being used in the subsequent reactions without 
further purification.
Osmium tetroxide (1 g . ) was dissolved in 9 6% ethanol 
(5 ml.) in an evaporating basin, the glass ampoule containing 
the tetroxide being broken beneath the surface of the ethanol. 
Hydriodic acid of specific gravity 1.7 (4 ml.), freshly distilled 
from hypophosphorous acid, was then added* Instantaneous reac­
tion occurred at room temperature to produce a very dark viscous 
mass. This was warmed cautiously on a water—bath, and then 
heated to dryness on a steam—bath. The product was dried at
120°C, washed well with benzene and petroleum ether (b.p.fraction 
40° — >*60°C) to remove the liberated free iodine, and dried.
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The resulting 'black powder is known as ’’osmium oxyiodide” 
and is of uncertain composition.
Yield:- 2.2 g.
(b) Reaction of osmium oxyiodide with carbon monoxide 
at atmospheric pressure.
Carbon monoxide was passed into a hard-glass tube containing 
a porcelain boat charged with osmium oxyiodide, the reaction 
temperature being maintained by a peripherally seated aluminium 
block which was heated by means of a bunsen^ Direct tempera­
ture measurement was allowed by means of a thermometer well 
in the block. Any sublimed material was collected in a cooled 
glass collection vessel which was fused to the end of the hard 
glass tube. ’’Bubblers” were incorporated at the beginning and 
end of the whole system so that the gas flow rate could be re­
gulated, and to ensure that the set—up was leak free. Residual 
carbon monoxide was burned off at the end of this reaction chain,
A suitable reaction temperature was found to be 200°C 
and the yield was definitely improved by the addition of an 
equal weight of copper turnings to the osmium oxyiodide. How­
ever, even under these conditions only a very small quantity of 
a yellow crystalline sublimate was obtained. Extraction and 
recrystallization was carried out with dry benzene. Insuffi­
cient material was obtained for analysis, but a "fingerprint”
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I.R. absorption trace was obtained from 4 — * 25|i (nujol mull) 
which showed that the product was mainly 0 s(C0 )^l2 (see p . 68).
(c) Reaction of osmium oxyiodide with carbon monoxide 
under pressure.
In all high pressure syntheses of osmium carbonyl halides 
it is essential to exclude moisture from the reactants and 
reaction vessel as mixtures which are difficult to separate are 
invariably obtained when traces of water are present. In 
general, the autoclave was dried by heating it to about 120°C 
for 1 hr. The solid reactant was introduced at this tempera­
ture, the autoclave then sealed, and allowed to cool before 
charging it with carbon monoxide.
In each of the subsequent preparations approximately 
1*0 g. of osmium oxyiodide was used. The autoclave was sealed 
by means of the 8 retaining nuts, a constant torque of 78 ft.lbs# 
being supplied by a torsion wrench to ensure equal loading of 
stresses, lubrication being maintained with "Molyspeed".
During the reaction of carbon monoxide with osmium 
oxyiodide iodine was liberated, and in an attempt to remove the 
iodine as it was formed, and so save the steel surface of the 
autoclave from undue corrosion a reaction vessel was constructed 
as shown in fig.(vii). It was hoped that the iodine,
— 62f—
fine bore copper tubing
h
Capillary draw-off,
—  Outer jacket*
Glass sample container. fig.(vii)
Inlet for CO
Inner jacket
slowly removed from the inner glass reaction vessel through the 
capillary tubing, would be removed on contact with the copper 
outer jacket.
Osmium oxyiodide was introduced into this reaction vessel 
and allowed to react with carbon monoxide at 100 atm. pressure 
for 20 hrs. at 130°C in the rotating autoclave. After cooling 
to room temperature, the gas cylinder was removed and replaced 
by an extractor chain consisting of two benzene bubblers, a 
liquid nitrogen trap and an exit tube to the atmosphere. The
spent gases were allowed to escape through this system.
a very small amount of a yellow crystalline deposit was obtained. 
The bulk of the osmium oxyiodide appeared to be unchanged. An 
I.R. absorption spectrum was run over the carbonyl stretching 
frequency region using a Nujol mull of the yellow crystals
On extraction of the autoclave and bubblers with benzene
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obtained. This showed the presence of a mixture of carbonyls; 
but insufficient material was available for isolation of any 
one species.
Owing to such a poor yield it was decided to reject the 
copper-jacketed glass vessel used in the previous experiment in 
favour of an intimate mixture of osmium oxyiodide and loose 
copper turnings, this mixture being introduced to the autoclave 
direct, A series of four experiments were conducted using 
2.0 g., 1.5 g-> g., and 0*5 g., of copper turnings respective­
ly. The same conditions of temperature and pressure were used 
as for the previous experiment, and the time of reaction 
allowed was 2A hours in all cases. The amount of volatile 
material collected by the extraction train was found to be 
negligible, and in subsequent preparations the spent gases 
were allowed to pass straight into the atmosphere via rubber 
tubing.
In the first two instances the benzene extracts of the 
products in the autoclave gave yellow crystalline compounds.
The third gave a rather discoloured product, and the fourth pro­
duced a strongly iodine coloured solution from which the solute 
precipitated as green-black crystals. The colouration of these 
products was shown to be due to adsorbed iodine since yellow 
products were once more obtained when they were repeatedly washed
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by grinding them under 40°-60°C petroleum ether
Maximum yield was obtained using 1.5 g. of copper turn­
ings with 1.0 g. of osmium oxyiodide, but in every case the 
yield was very poor :~
1st yield 0.17 g.
2nd yield 0.21 g.
3rd yield 0.15 g.
4th yield 0,10 g.
The products from these experiments were combined and 
recrystallised from benzene. The identity of the resulting 
yellow crystalline solid was ascertained through analysis and 
I.R. absorption studies.
Analysis ^ 0s % I
Pound 35.7 47.5
Expected for 0s(C0)^l2 34.21 45*65
Expected for OsCco^Ig 36.02 48.11
The analytical figures obtained indicate the tricarbonyl 
product but theoretical figures for the tetra- and tricarbonyl 
diodides only differ by small amounts so analysis alone is in­
sufficient to unequivocally differentiate between the two.
I.R. absorption studies, however, clearly refute the possibility 
of the product being the tetracarbonyl diiodide.
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The spectral evidence is exhibited in fig.(viii) in which 
part (a) shows the I.R. absorption trace of authentic Ru(C0)^I2 
[59] prepared by a similar high pressure technique to the one 
described here [60]. This band system in the CO stretching 
frequency region is typical of cis-ML^(CO)^ complexes [61 - 68].
In the case of a trans-M L ^ f c o m p l e x  only one I.R. absorption 
band is expected, namely that arising from the doubly degenerate 
fundamental vibration [65,66,69]* The actual trace obtained 
is exhibited in fig.(viii)(b). It shows no resemblance to any
previously obtained spectrum of ML2 (CO)^ complexes, but is not 
inconsistent with that expected for an M L ^ C O ) ^  complex (see 
Section IV, p.134). Hieber and Stallmann [31] found only osmium 
tetracarbonyl diiodide produced in this reaction, but they 
worked at considerably higher pressures.
Larger quantities of copper turnings were introduced in 
the reaction mixture in an attempt to prepare the tetracarbonyl 
diiodide but this proved fruitless* On increasing the tempera­
ture to 140°C a small quantity of a pale yellow crystalline 
material was found to have sublimed onto the head of the auto­
clave. This was carefully scraped off and subsequently 
characterised as 0s(C0)^I2 * The I.R. absorption trace, fig. 
(viii)(c), is readily seen to bear a strong resemblance to that 
of Ru(CO)^I2 . Recrystallisation was attempted from benzene
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in an effort to obtain a pure sample, but on running an I.R. 
absorption spectrum over the CO stretching frequency region it 
was found that a mixture of carbonyls resulted, peaks corres­
ponding to those of the tricarbonyl diiodide now being in 
evidence together with those of the tetracarbonyl diiodide.
In order to check that the previous preparations had not, 
in fact, produced the tetracarbonyl diiodide, which had then 
degraded to the tricarbonyl diiodide on working up with benzene, 
a sample from the body of the autoclave of this last preparation 
was investigated. Its I.R. absorption trace over 4-5p. was 
substantially that of the tricarbonyl diiodide.
No improvement of yield could be obtained in further ex­
periments. Purification of the 0s(C0)^l2 was attempted by 
dissolution in tetrachloroethylene, filtration, and evaporation 
of the solvent under vacuum at room temperature. This solvent 
was chosen as it showed markedly preferential solubility towards 
osmium tetracarbonyl diiodide as against osmium tricarbonyl 
diiodide•
Analysis % Os fo I
Found 34,5 45.1
Expected for Os(CO). I 9 34.21 45.65
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(d) The action of heat on osmium tetracarbonyl diiodide.
Hieber and Stallmann [31] showed that osmium tetracarbonyl 
diiodide lost carbon monoxide stepwise as the temperature was 
increased, i.e.,
0s(C0)4I2 0s(C0)5I2 -2 P -- > 0s(C0)2I2 Os + I2 + 2C0.
It was desired to follow this series of reactions in order 
to isolate the specific products and determine their chemical 
behaviour. To do this satisfactorily use was made of a contin­
uous recording thermobalance. [The writer would like to reoord 
his thanks here to Dr. Redfern and his assistants for their help 
in this respect]. A sample of QsCCO^Ig was heated in a plat­
inum crucible from room temperature to 300°C, in an atmosphere 
of dry nitrogen, at the comparatively slow heating rate of 
2°C/min. The weight of the crucible and the temperature were 
reoorded concurrently, and the resultant trace showed two de­
finite plateaux in the weight-temperature graph at about 140° 
and 300°C corresponding to the two definite compounds OsCccO^Ig 
and OsCcO^Ig respectively. However, further information, such 
as the number of molecular weight units lost at each stage, could 
not be obtained due to the simultaneous weight loss incurred by 
the volatility of the carbonyl halides themselves.
Isolation of the products at each plateau showed that the
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first compound was identical to the tricarbonyl diiodide already 
described. The second compound was isolated as a homogeneous 
yellow powder, and its identity confirmed as O s t C O ^ ^  ^  
analysis.
Analysis fo Os % I
Found 37*6 30.2
Expected for OsCcoJglg 38.04 50.80
3. Osmium carbonyl bromides
(a) Preparation of osmium enneabromide [31] •
Osmium tetroxide (l g.) was dissolved in $6% ethanol 
(5 ml.), the glass ampoule containing the tetroxide being broken 
beneath the surface of the ethanol. Hydrobromic acid of specific 
gravity 1.47 (6 ml.) was then added, and the mixture refluxed 
for 48 hrs. The mixture quickly developed a red colouration 
which gradually darkened, and in the final stages became almost 
black with the precipitation of a small amount of grey-black 
solid.
The product was evaporated to dryness at room temperature 
under vacuum, dried over potassium hydroxide and sulphuric acid, 
and finally over phosphorus pentoxide under * vacuum. This pro­
duced the glassy, very hygroscopic crystals of the enneabromide 
hexahydrate, OsgBr^ 0 6 E ^ O .
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Before using this compound in the preparation of a carbon­
yl bromide the waters of crystallisation;were removed by heating 
it at 120°C for J hr* in a stream of carbon dioxide.
(b) Reaction of osmium enneabromide with carbon monoxide 
at atmospheric pressure.
Carbon monoxide was passed over osmium enneabromide at 
250°C. After allowing the reaction to proceed for 8 hrs. only 
a small quantity of a grey-white crystalline material had con­
densed on the cooler parts of the reaction tube. This was 
extracted with benzene and washed repeatedly with carbon tetr- 
chloride. No pure carbonyl bromide could be isolated from this 
reaction although I.R. absorption studies indicated that the 
major product was osmium tricarbonyl dibromide.
In earlier attempts carbon monoxide was generated by 
passing COg over hot coke, so the issuing gases very probably 
contained some unreacted carbon dioxide. A high proportion of 
the white crystalline sublimate obtained in these experiments 
was water soluble, and on acidifioation with hydrochloric acid 
a solution of this material evolved carbon dioxide. Further 
investigation of this presumed carbonate complex was not carried 
out.
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(c) Reaction of osmium enneabromide with carbon monoxide 
under pressure.
As mentioned previously, osmium enneabromide is a highly 
hygroscopic material. It was thus necessary to devise a simple 
method of transferring the dry material to the autoclave in a 
vessel which would allow exposure of this compound to the 
reactant gas when required. For this purpose a glass receiv­
ing vessel was designed which had a thin-walled bubble blown in 
the receiving chamber. This chamber was connected to an open- 
ended tube by means of narrow tubing. After drying in a stream 
of carbon dioxide at 120°C the porcelain boat containing the 
enneabromide was rapidly transferred to the open-ended tube, its 
contents tapped through the narrow connecting tubing into the 
main chamber, and the whole system sealed by cutting the connect­
ing tubing with an oxygen-gas flame. These sealed ampoules 
could then be kept until required. Subjecting the ampoule to 
such pressures as those reached in the autoclave caused the 
thin-walled bubble to rupture, thus exposing its contents to the 
surrounding atmosphere.
In each of the following experiments approximately 1.0 g. 
of osmium enneabromide was used.
The rotating autoclave was charged with a glass ampoule 
containing osmium enneabromide, sealed, and allowed to cool
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before pressurising to 100 atms. with carbon monoxide. The 
temperature was then increased to 150°C and maintained there 
for 24 hrs.
Discharge of the spent gases was effected in the normal 
way after allowing the autoclave to cool down to room temperature. 
The contents were then repeatedly extracted with dry benzene.
The bulk of the solvent was removed by distillation whereupon 
granular white crystals were deposited. The total yield per 
experiment amounted to approximately 0.2 g.
As in the case of the corresponding iodide syntheses, 
analysis of the product indicated the formation of osmium tri­
carbonyl dibromide. The I.R, absorption trace, fig.(ix)(a), 
confirmed this, an obvious similarity existing between this and 
the spectrum obtained for osmium tricarbonyl diiodide, 
fig. (viii ) (b).
Analysis % Os
Pound . 44*2
Expected for 0s(C0)_Bro 43.82
j  *■
Hieber and Stallmann [31] reported that the major product 
in this reaction was osmium tetracarbonyl dibromide. They were, 
however, able to work at considerably higher pressures, and even 
then obtained appreciable quantities of the tricarbonyl dibromide 
as a secondary product.
% Br
36.3
36.83
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fig. (ix)
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In an attempt to obtain the tetraoarbonyl dibromide copper 
turnings were added to the reaction mixture to act as a halogen 
acceptor, but these experiments were unsuccessful. Increasing 
the temperature to l60°C. and using equal weights of copper 
turnings and osmium enneabromide in the reaction mixture gave 
traces of the required tetraoarbonyl dibromide sublimed onto the 
head of the autoclave as fine white crystals. No completely 
satisfactory method of purification was found, but by using a 
similar technique to that described for the purification of 
osmium tetraoarbonyl diiodide,removal of most of the interfering 
tricarbonyl dibromide was effected, certainly sufficient to 
obtain the characteristic absorption bands of the cis—tetra- 
carbonyl dibromide, fig. (ix)(b), but analysis figures are
% Os fo Br
42.3 34.9
41.16 34.59
No attempt was made to obtain the dicarbonyl dibromide.
4. Osmium carbonyl chlorides
(a) Preparation of osmium trichloride.
Osmium trichloride is best prepared by decomposing the 
tetravalent ammonium hexachlorosmate, (NH^)^[OsCl^], in a stream
somewhat high.
Analysis
Pound
Expected for 0s(C0 )^Br2
of chlorine gas at 350°C [70]. Dwyer and Hogarth [53] have 
shown that ammonium hexaehloroosmate can be obtained in up to 
95% yield by the following procedure
Osmium tetroxide (l g« ) was heated with a mixture of 
ferrous chloride hexahydrate (10 g.) - prepared as required from 
conductivity iron powder and hydrochloric aoid - and concentrated 
hydrochloric acid (30 ml.) in a stoppered flask on a steam-bath 
for 2 hrs. with occasional shaking. The osmium tetroxide 
dissolved quite rapidly and an orange-red colouration developed 
on warming which darkened with time.
Ammonium chloride solution (10 ml,, 20$) was added, and 
the mixture cooled in ice. The dark red crystalline product 
was filtered off and washed repeatedly with 80$ alcohol, and 
finally 96$ alcohol. After drying the product at 120°C to 
remove any water of crystallisation a consistent yield of between 
80 and 90$ was obtained.
The conversion to osmium trichloride was carried out by 
heating the ammonium hexaehloroosmate in a stream of chlorine 
gas. The reaction was carried out in a hard glass tube and the 
temperature controlled by an aluminium heating block. Samples 
of the ammonium salt were placed in porcelain boats and after 
gradually heating to 350°C reaction was allowed to continue at 
this temperature for a further 1 hr. By this time considerable
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sub lima t ion of the dark brown product had taken place, but 
earlier capitulation of the reaction gave a residue in the boats 
which still contained some unreacted ammonium hexaehloroosmate.
The yield of osmium trichloride, a dark brown, very 
hygroscopic powder, by this two stage preparation from osmium 
tetroxide was generally about 0.6 g., or an overall yield of 
between 30 and 35$.
(b) Reaction of osmium trichloride with carbon monoxide 
at atmospheric pressure.
The procedure followed was similar to that described by 
Manchot and K8nig [30], Carbon monoxide was passed over a boat 
containing osmium trichloride in a hard-glass tube at 260°-270°C 
for 8 hrs. Reaction was observed to take place by the gradual 
collection of a yellow-brown crystalline deposit which had 
sublimed away from the reaction centre and condensed on the cool 
er parts of the tube. The crude product was repeatedly washed 
and ground under carbon tetrachloride. The resulting yellowish 
crystals were further purified by sublimation under dry nitrogen 
at 220°C onto a !lcold-fingerM to give an almost pure white 
powder. An I.R. absorption spectrum of this compound showed 
conclusively that the major product was osmium tricarbonyl di­
halide, fig.(x). Recrystallisation from chloroform and analysi 
confirmed this.
fig
. 
(x
).
fl
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Analysis fo Os fo 01
Pound 54.7 20,1
Expected for 0s(C0)^Cl2 55.13 20.5$
(e) Reaction of osmium trichloride with carbon monoxide 
under pressure.
As mentioned earlier, osmium trichloride is very hygros­
copic, In order to exclude moisture from the prepared samples 
the product of reaction between ammonium hexaehloroosmate and 
chlorine at 350°C was transferred while still hot to a glass 
ampoule of the type described for the storage of osmium ennea- 
bromide. Each ampoule contained approximately 0.3 g. osmium 
trichloride.
Reactions with carbon monoxide at a pressure of 100 atm. 
were carried out at temperatures ranging from 120° to 165°C, 
with and without the addition of copper turnings as a halogen 
acceptor, in the attempt to procure a sample of osmium tetra— 
carbonyl dichloride. The reactions were allowed to run for 
24 hrs. In every instance the only product obtained was osmium 
tricarbonyl dichloride. Extraction of the contents of the 
autoclave was found to be more effective using chloroform as a 
solvent in place of benzene, but recrystallisations from this 
solvent always led to a coloured product, Further purification 
was effected through sublimation under dry nitrogen at 22Q°C 
onto a ”cold finger”.
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Yields of the tricarbonyl dichloride varied from run to 
run, even at a consistent temperature, hut in no case was a 
yield of more than $0$ recorded. Hieber and Stallman [3l]> 
working at 200 atm. pressure of CO, obtained virtually 100$ 
yields of the tetraoarbonyl dichloride.
Analysis $ Os $ Cl
Pound 53*7 20.2
Expected for O s ^ O ^ C l g  55*13 20.55
I.R. absorption studies confirmed the presence of osmium 
tricarbonyl dichloride, the trace obtained for the above pro­
duct being identical with that obtained for the carbonyl 
halide produced at atmospheric pressure.
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PART 2
Reactions of Osmium Carbonyl Halides 
Specific products have "been isolated from reactions of 
the osmium carbonyl halides with a series of ligands containing 
donor atoms from G-roup Vh of the periodic classification of the 
elements. These previously unreported complexes of osmium are:-
0s(C0)2 (py)2l2
0s(C0)2 (/3P)2X2 0s(C0)2 [(/0)3P]2X2
O s (CO)2 (/3A s )2X2
0s(C0)2 W 3St))2X2 v
0s(C0)2 (^2PCX)2I2* O s (CO)2(^PCX2 )2I2* 0 s (C0)2 (PCX3 )2I2 *
0s(C0)2 (diphos)l2 0s(C0)2(diars)l2
/ 3“( Not isolated - see p. 88).
Py = pyridine 
= phenyl
diphos = ^ 2P - CH2 .CH2 - PjzL (ethylenebisdiphenylphos-
pine)
C-H, CH, 
s
(oL-phenylenehisdimethylar sine)diars =
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From preliminary investigations it was found that substi­
tuted phosphine ligands offered the best possibilities of obtain­
ing reaction products in high yield. As the amount of osmium 
carbonyl halide available was small the preparative work under­
taken was largely concentrated on the phosphine ligands and, 
for this reason, their derivatives are discussed first,
1, Reactions with triphenylphosphine
(a) Osmium tetraoarbonyl diiodide.
An excess of was refluxed together with Os(CO)^lg in 
benzene solution for 2 hrs. The reaction was accompanied by a 
gradual decrease in the intensity of the yellow colour of osmium 
tetraoarbonyl diiodide until the final solution was practically 
colourless. The bulk of the solvent was then removed by dis­
tillation, the remaining solution filtered, and the filtrate 
allowed to evaporate to dryness on a watch-glass. Excess ligand 
was removed by washing with diethyl ether and grinding the solid 
residue under pet, ether (4-0° - 60°C), Purification was carried 
out by recrystallisation from benzene to give the white crystall­
ine complex OsCCCOgW^P^Ig*
Analysis % Os % I % P
Pound 18.9 24.4 6.4
Expected for 0s(C0)„(/,P)pIo 18.56 2 h - . l l 6.05
As in the case of every stable crystalline derivative 
described below an I,R. absorption spectrum was run from 4 - 25|i 
for a Nujol mull of the complex,
(b) Osmium tricarbonyl diiodide.
The procedure adopted was exactly analagous to that des­
cribed for the reaction of P with OsCCO^Ig. Reaction was 
faster with OsCCO^Ig as shown by a more rapid decrease in 
colour intensity of the solution, but the product was shown to 
be identical with that prepared from 0s(CO)^I,p "by analysis and 
I.R, studies, i,e. the product was 0s(CO)g
(c) Osmium dicarbonyl diiodide.
The apparently insoluble O s ^ O j g ^  sh°we& little or no 
reactivity towards benzene, toluene, or xylene solutions of 
and no product could be isolated.
It appears from these preliminary experiments that the 
reactions of a ligand with either the tetraoarbonyl dihalides or 
the tricarbonyl dihalides of osmium produce the same produot. 
Further reactions were carried out with the tricarbonyl dihalides 
only, due to their greater reactivity and accessibility (Excep­
tions:- 2. an<^  §. — See pp, 86, 90),
(d) Osmium tricarbonyl dibromide.
Apart from the fact that no colour changes were inherent 
in this reaction, the preparation followed exactly the same
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routine as delineated for the corresponding reaction of
/_P with 0s(C0).,Io, Again the product was the white crystalline 
j  j  *-
dicarbonyl 0s(C0)2
Analysis fo  Os fo  Br fo  P
Pound 20, 8 17.5 6.7
Expected for 0 s ( C O ^ W ^ P ^ ^ 1^  20,44 17.18 6,66
(e) Osmium tricarbonyl dichloride.
The preparation followed the same pattern as those above. 
Once more the product was a white crystalline material of 
similar composition to the iodide and bromide analogs.
Analysis o CO fo  Cl fo  P
Pound 22.3 7.9 7.5
Expected for 0s(C0)2(j!f3P)2Cl2 22.60 8,42 7.36
All the I.R, absorption spectra for this serie s of com—
plexes showed strong resemblances to each other,
2, Reactions with tri-phenylphos-phite
(a) Osmium tricarbonyl diiodide.
An excess of (^O)^P, a colourless liquid, was refluxed 
with 0 s(C0 )^l2 in benzene solution for 1 hr, and the product 
worked up in a similar way to that described for the triphenyl- 
phosphine derivatives. However, the product proved to be 
fairly soluble in diethyl ether, and as the triphenylphosphite
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was extractable with pet. ether, the preliminary washing of the 
crude product was omitted. The resulting white crystalline 
complex was shown to be OsCCO^K^Oj^Plg^*
Analysis % Os % I % P
Found 17.3 22.84 5*6
Expected for Os(CO)^GrfO)5P]2I2 16.97 22.65 5.53
(b) Osmium tricarbonyl dibromide,
A similar procedure to that described above was employed 
to give the white crystalline complex 0s( C O ^ C  W o )  ^ PjgBr^,
Analysis % Os % Br % P
Found 19.0 15.7 6,1
Expected for Os^OjgWoJ^PjgBrg 18.53 15.57 6.03
(c) Osmium tricarbonyl dichloride
Again, the procedure adopted was essentially that already 
described, and the product was the white crystalline complex
o s (c o )2C¥o )3p ]2c i 2
Analysis fo  Os fo  Cl fo  P
Found 20.8 7.6 6.6
Expected for O s C C O ^ l ^ O ^ P ^ C l g  20.28 7.56 6.61
3. Reaction with dimethylenebisdjphenylphosphinefdi-phos. )
This ligand was generously made available by R. 0 !Brien 
(University College, London), Preparation of the derivative
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from osmium tetraoarbonyl diiodide, the only one attempted in 
the present work, was carried out in order to establish the 
carbonyl absorption pattern for an octahedral complex of known 
configuration. The assumptions made in this investigation were 
that the halogens would retain their mutually cis-positions in 
the final product, and that diphos. would act as a bidentate 
ligand occupying ois-coordination sites.
Osmium tetraoarbonyl diiodide was refluxed with an excess 
of diphos. in benzene solution for 2 hrs# The reaction mixture 
was allowed to cool and an equal volume of tetrachloroethylene 
added whereupon a creamy coloured precipitate appeared. This 
proved to be a mixture of carbonyl compounds difficult to 
separate. After filtration pet. ether (k 0 ° - 60°C) was added 
to the filtrate causing further precipitation, this time of a 
white amorphous solid. This was filtered off, washed with pet. 
ether, and recrystallised from benzene to give the white crystal­
line complex 0 s(C0 )2 (diphos.Jig*
Analysis fo  Os fo  I fo  P
Found 21.9 28.0 7.0
Expected for OsCCOjgCdiphos.)lg 21.17 28.25 6.89
4* Reactions with chlorinated uhosnhines
It was desired to synthesise a series of derivatives which
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contained ligands of widely separated electronegativity, tut 
similar structure. The ligand series chosen was 4 2PCI,
^PClg and PCl^. Three of these ligands were available, and
the fourth, was prepared from diphenylphosphinodithioio
acid. This material was obtained from phosphorus pentasulphide 
as described in reference 71* and the conversion to diphenyl- 
chlorophosphine was carried out as described in reference 72.
As the chlorinated phosphines were air-sensitive the 
preparation of derivatives was carried out under dry nitrogen.
The derivatives were not isolated as crystalline solids, but 
their I.R, absorption traces were obtained over the CO' stretching 
frequency region in situ. The solvent chosen as medium for 
these reactions was tetrachloroethylene as it was essentially 
non-polar, exhibited practically zero absorption over the range 
of interest, and had a convenient boiling-point. Again, pre­
parations were only carried out using osmium tricarbonyl diiodide 
as the other reactant.
The preparation of the j^P derivative has already been 
described. In the case of jZ^PCl and of ^PClg ih© reactants, 
with the ligand in excess, were refluxed in tetrachloroethylene 
under dry nitrogen for 15 mins. A sample of the solution was 
then extracted and transferred to an I.R. liquid cell, and the 
cell sealed with Teflon plugs. These operations were carried
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out in a dry-box. The I.R. absorption spectrum of the sample 
was then recorded in the normal manner over the CO stretching 
frequency region.
In the case of PC1^> which has a boiling-point consider­
ably lower than that of tetrachloroethylene; the reaction was 
carried out by refluxing osmium tricarbonyl diiodide in a large 
excess of PCl^ itself. In all cases the spectra obtained 
showed only two prominent carbonyl peaks indicative of the pre­
sence of a cis-dicarbonyl product, 0s(C0)2L2I2 , w^ere ^ repre­
sents the appropriate ligand.
5. Reactions with trinhenylarsine
(a) Osmium tricarbonyl diiodide.
An excess of j^As was refluxed together with OsCcO)^^ 
in benzene solution for 2 hrs. Attempts to obtain a solid 
crystalline derivative using the procedure outlined for the 
analagous reaction with resulted in the production of a
sticky gum, or at best a very impure product. However, by 
removing the bulk of the benzene by distillation, allowing the 
reaction mixture to cool, adding a quantity of tetrachloro­
ethylene, and redistilling the bulk of the solvent, a remarkably 
clean crystalline deposit was thrown down from solution which, 
on recrystallisation from benzene yielded the white crystalline 
complex 0 s (C0)2 ( ^ A s )2I2 .
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Analysis fo  Os fo  I
Found 17.5 21.8
Expected for Os( C0)2 ( ^ A s)2I2
17.10 22.82
(b) Osmium tricarbonyl dibromide.
The same procedure as outlined above led to the white
crystalline complex 0s(C0)2 (/^As)2Br2. 
Analysis
Found
fo  Os fo  Br
19.2 15.8
Expected for 0s(C0)2 ( ^ A s ) 2Br2 18.67 15.70
(c) Osmium tricarbonyl dichloride.
Again, the procedure used was that already described 
for the iodide. The product in this case was the white crystal 
line derivative 0s(C0)2 (^^As)2Cl2
Expected for 0s(C0)2 ( ^ A s ) 2Cl2 20.46 7.63
6, Reaction with o-phenylenebisdimethylarsine (diars.)
As in the case of the diphos. (reaction the only pre­
paration carried out involved osmium tetraoarbonyl diiodide as 
the other reactant. The reasons for this were as before.
The reactants were refluxed together in benzene for 1 hr. The
bulk of the solvent was removed by distillation and the reaction
Analysis
Found
fo  Os fo  Cl 
20.6 7.4
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mixture cooled to room temperature, A small amount of coloured 
deposit was removed by filtration at this stage, Tetrachloro­
ethylene was then added to the filtrate whereupon further 
precipitation occurred, the creamy coloured solid so obtained 
proving to be a mixture of compounds. A further impure product 
was obtained as a solid residue on removal of the bulk of the 
solvent by distillation, but on treating the final filtrate with 
pet. ether (40° - 60°C) a white flocculent precipitate was 
obtained which, after recrystallisation from benzene, gave the 
expected white crystalline product 0s(CO^C&iars. ) ^ 2 *
Analysis % Os % 1
Pound 23*8 30.9
Expected for OsCccOgC&i&rs.)^2 24*20 32.29
7* Reactions with triphenylstibine
(a) Osmium tricarbonyl diiodide.
The procedure employed was essentially that already des­
cribed for the reaction of /^As with OsCcO^Ig* However, the 
tetrachloroethylene was added to the hot benzene solution to 
prevent undue precipitation. The product of the reaction between 
^ S b  an<l 0 s(C0 )^l2 was the white crystalline complex 
0s(C0)2 (jrf3Sb)2I2.
Analysis % Os % I
Found 15.5 20.8
Expected for 0s(C0 )2( ^ S b  )2I2 15.77 21.04
(b) Osmium tricarbonyl dibromide.
The same method was used as for the iodide, and the 
resulting white crystalline complex was again the dicarbonyl, 
0s(C0)2 (f»'3Sb)2Br2 .
Analysis % Os % Br
Found 17.2 14.3
Expected for 0s(CO)2 (^^Sb)2Br2 17.10 14.37
(c) Osmium tricarbonyl dichloride.
The same procedure as above gave the white crystalline 
derivative 0s(CO)2 ( ^ S b ) 2Cl2.
Analysis fo Os % Cl
Found 17.9 6*5
Expected for 0s(CO)2 (j^^Sb)2C12 18,59 6.93
8. Reaction with pyridine (py.)
An excess of freshly distilled pyridine was refluxed 
with 0s(C0)^I2 in benzene for 1 hr. The solution was evaporated 
almost to dryness and then washed with diethyl ether followed 
by pet. ether. A dark yellow sticky mass resulted, but on 
recrystallisation from benzene a bright yellow crystalline solid
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was obtained - 0 s ( C O *
Analysis fo  Os fo  I
Found 28.9 38.1
Expected for 0s(C0)2py2I2 28.90 38.56
Fig. (xi) shows a representative selection of the spectra 
of the complexes discussed above#
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S E C T I O N  IV
FORCE CONSTANTS AND SOLVENT SHIFTS
-99-
G-ENERAL CONSIDERATIONS
The physical picture of bonding in metal carbonyls as 
described in Section I implies a strong interdependence between 
the MC and CO bonds. This has, in fact, been found, and is 
possibly best exemplified in the work of Bigorgne et al, [11, 14, 
73, 74, 75]* He has shown that for a closely analagous series 
of compounds the sum of the MC and CO bond orders is practically 
constant. Any increase in the MC bond order, due to some 
change in the electronic environment of the metal, is compensa­
ted by a drop in the CO bond order, and vice versa. It thus 
appears that useful information regarding the bonding in the 
whole MCO system can be derived from a study of the CO system 
alone.
This has been attempted for the cis-osmium tetraoarbonyl 
dihalides of C s y m m e t r y  for which the four fundamental CO 
stretching frequencies are all active in the I,R,, and to a 
lesser extent for the other carbonyl containing compounds pre­
pared in the present work. Qualitative arguments for the 
assignments of I,R. active CO stretching frequencies have been
put forward by Orgel [66] for substituted metal carbonyls of the
6type ML (CO)/- where M is a d metal atom or ion and L is a 
r n v '6-n
monodentate ligand. Recently unequivocal assignments have been 
made by Cotton and Kraihanzel [63,64,65] through the calculation
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of force constants, and the results of their calculations 
form the basis of the work in Part 1 # of this Section.
Further information regarding the assignment of CO 
stretching frequencies and electron distribution in metal 
carbonyls can be obtained from a study of the frequency shifts 
observed when carbonyl absorption bands, arising from the same 
solute, are measured in different solvents. These so-called 
solvent shifts are due to interaction between polar bonds in 
the solute and the solvent molecules. This phenomenon is 
discussed in more detail in Part 2. of this Section*
-101-
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■ PART 1.
Force Constants
1* Introduction
Most of the information regarding the theoretical back­
ground to this part of the work was obtained from 
Linnett*s review on force constants [76], Brand and 
Speakmann*s "Molecular Structure" [77] > aud Wilson,
Decius and Cross1s "Molecular Vibrations" [78]. To 
avoid undue repetition of these reference numbers they 
have been excluded from the main text.
The vibrational frequencies of a molecule having a parti­
cular shape are governed by two factors
(i) the masses of the individual atoms, and 
(ii) the restoring forces which arise when the molecule 
is distorted from its equilibrium position.
It has been found that an individual restoring force is 
proportional to the magnitude of a particular distortion, and 
the constant of proportionality relating this force and dis­
tortion is termed the "force constant".
To completely define a molecule of N atoms relative to 
some fixed origin a total of 3N cartesian displacement
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coordinates are required, three being assigned to each atom.
The kinetic energy of the molecule, T, can then be written as :—
/d A x  \  ^ /d Ay / d AjI as + — l a  + [  a)
A dt / V dt / \ dt j  .
where m represents the masses of the individual atoms, A x  a a
represents a small change in the position of the a-atom along 
the x-direction, etc.
If the cartesian displacement coordinates are written as
fi = A x i • f a  = A y i » *3 = A z i ’ ; 4 = A x 2 > et0-
the above expression reduces to :- 
3N 2
— -> ’. .. d
m > 1 0' , C °1 nT =__£_  i  m. \ . where \ . =   ... 1
dt
i=l
The potential energy will be given by a function of the 
displacements, the most general form of which is
3N 3N
v _ v + r  /li\ r.+ i I  J z h — .] f  B
i-1 i j =1 0
+ higher terms .. • 2 
Choosing the equilibrium configuration as the zero of the 
potential energy scale, VQ = 0. Also the equilibrium position
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must represent a minimum in the potential energy function so
%rr |= 0 for all v.*s when all the displacement coordinates
c^i/o 1
are zero. This means that the second term is also zero. For
very small vibrations all the 3rd order and higher terms can he
neglected, so the expression for the potential energy (P.E.)
simplifies to
3N
■ 2V = —  3* 
dj=i
jp*£»
If all the coordinates except ^ are zero, then
•' t •*> 2
V = ^ i i.e. the P.E, is proportional to the square of the
displacement. Also, the force along the coordinate
b Y  \  
c
displacement.
F. = - ( )  = - f  • « f * i.e. the force is proportional to the
The successful calculation of molecular vibration fre­
quencies by the application of equations 1, and 3. imply that 
3. is an adequate form of the P.E. function, and this in turn 
implies that the motions are simple harmonic, Newton's equation 
of motion for a simple oscillator can be stated as
mass x acceleration s? — (force) constant x displacement. 
Changing the coordinates in equations 1. and 3. to mass 
weighted cartesians, where
*/v/m£ Aij , t2 = , q3 , q^  = Ax2 eto
Writing Newton*s equation as
d c'T 3V . . . 0 -
5Tft" .i'. q = 0 j ~ l > 2 ,  ... 3N • • • 6 •
and substituting from A* and 5 *, the following equation is 
obtained.
3N
J  = 0  3 = 1 , 2 ,  . . .  3N . . .  7.
1=1
to which a possible solution is
±
q^ = cos(\^t + e) ... 8.
where is an amplitude term, \ the wavelength, t the time 
of one oscillation and e a phase factor. By differentiating 
twice with respect to t it can be shown that = -\q^, and sub­
stitution into 7 * gives a set of simultaneous homogeneous linear 
equations in the 3N unknown amplitudes which can be represented
In this equation 6 = 1  when i = j hut is zero otherwise* Only 
for special values of X does 9* have non—vanishing solutions, 
all other values giving = 0, i.e. no vibration at all. The 
special values of X are those which satisfy the secular 
equation:—
fll - x
f
12 f13 ---  fl,3N
f21 f22 - X f23 *••• f2 ,3N
f3N,l f3N ,2 f3N,3 f3N,3N
As this secular equation consists of 3N rows and columns 
there will be 3N roots. Some of these roots are zero and 
correspond to translations and rotations of the molecule as a 
whole, which do not involve any change in the P.E. The non­
zero roots, X, , are related t9 the frequencies of the normal
• XImodes of vibration by = Tyj; , these being known as normal 
or fundamental frequencies of the molecule. It can be seen 
from 8. that for any normal vibration the frequency and phase 
for each coordinate are the same, but the amplitudes may, and 
usually do, vary.
The number of normal vibrational modes for a non-linear 
molecule is 3N - 6 as three degrees of freedom are required for 
translation, and a further 3 f o r  rotation. If the cartesian
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displacement coordinates are now replaced by internal co­
ordinates, which only take into account the changes in position 
of the atoms relative to one another, the potential energy 
function becomes :—
3 N-6
where S, are internal coordinates*t
t=l
In the most general case there will then be a number of force 
constants equal to the number of elements on and above the 
diagonal of a square having 3N - 6 elements, (this takes into 
account that = St*^t causin& Ptt* = Ft 11 ^ whichl is
1 + 2 +...+ (3N - 7) + (3N - 6 )  =
This number only applies to an unsymmetrical molecule, 
however, as the existence of symmetry implies further relations 
between force constants and hence a reduction in the number of 
independent constants. Taking water as an example, a molecule 
of C2v symmetry, a convenient set of internal coordinates is 
formed from r^ and r2, the stretches of the two OH bonds, and 
a, the distortion of the valence angle. The potential energy 
function can then be written as
2V = Fn r^ + F22r2 + F^a, + 2Fi2rlr2 + 2Pi3ria + 2F23r2a 
The symmetry of HgO obviously requires that = F22, and
2 V = /
= ^23 80 ^or "this molecule only four independent force
constants are required instead of six.
For any particular molecule the expressions for kinetic 
and potential energy are set up, summing over all atoms, and com— 
bined as in equation 6. to produce a secular equation of the 
type 10. The number of independent force constants required 
to completely describe this molecule, even after simplifications 
follovjing from symmetry considerations have been taken into 
account, is usually far larger than the number of independently 
measurable frequencies, so further simplifications of the P.E. 
function must be made.
Two. important methods of simplification are the approxi­
mation of central force fields and the approximation of valence 
force fields. In the former it is assumed that the forces 
holding the atoms in their equilibrium positions act only along 
the lines joining pairs of atoms, and that every pair of atoms 
is connected by such a force. In practice this method has not
been particularly successful. In the latter approximation
method the forces which are considered are those which resist 
the extension or compression of valence bonds together with those 
which oppose the bending or torsion of bonds: forces between
non-bonded atoms are not directly considered. This can be 
extended to include cross-terms which account for the change in
- 1 0 8 -
equilibrium bond angle when a bond changes its length.
A more accurate description of the vibi*ational frequencies 
can be obtained by the introduction of a few well—chosen inter­
action constants. This amounts to taking into account the 
change in stiffness of a bond resulting from the distortion of 
the other bonds. However, for anything but very simple mole­
cules the number of possible interaction constants is far greater 
than the available data will permit the use of in any calcula­
tion. A useful principle to aid the selection of these constants 
has been found to be that if a frequency is widely separated 
from all others derived from vibrations of the same symmetry 
species it will not be appreciably affected by small interaction 
constants, but if two vibrations of the same symmetry are near 
one another a small interaction term connecting the two motions 
will cause considerable displacement of the two frequencies.
An example of the value of these interaction constants 
is exemplified in the consideration of carbon dioxide. The CO 
stretching force constants are 16.8 *&d #/8 and 14-.2 ./X for
the symmetric and antisymmetric modes of vibration respectively. 
Introduction of an interaction constant between the two CO vibra­
tions would give an average value of 15*5 md./X and an inter­
action constant of 1.3 m d . / X . .
The positive sign of the interaction constant has been
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interpreted by Thompson and Linnett [79] who considered the re­
sonance structures of CO^
(a) OsssCsssO, (b) ~0— C— 0+ , (c) +O s C — 0~.
If the left-hand bond is stretched the resonance structure (b) 
is favoured, and as this would imply a stiffening of the right- 
hand bond (bond order increasing from 2 to 3 ) ike interaction 
constant is positive. This kind of constant is termed a 
stretch— stretch interaction constant.
The variation of foroe constant with bond order between 
a given pair of atoms means that the force constants can be used 
to assess bond character. For example, for carbon monoxide 
the CO force constant is 18.55 md./X, and in formaldehyde it is 
about 12.3 md./X. The value of 15*5 md./X for carbon dioxide 
shows at once that this bond is intermediate in character b e ­
tween that in formaldehyde and that in carbon monoxide, i.e. 
intermediate between a bond order of 2 and 3*
2 . Determination of force constants for j q i s j - M ( C O c o m p l e x e s .
- Cotton and Kraihanzel [65] have developed approximate 
secular equations for the determination of CO force constants 
and stretch-stretch interaction constants from the fundamental 
CO stretching frequencies of substituted metal hexacarbonyls of
- 1 1 0 -
the type ML (C0)g , where the ligands are disposed essentially j
octahedrally. In their calculations no account was taken of 
the interaction of CO stretching with other deformations of the
j'
molecule, and observed fundamental frequencies were used without 
correcting for anharmonicity, It was argued that the first 
pe(rmise involved negligible error as the CO- stretching frequencies j
were very milch higher than any of the skeletal fundamental 
frequencies of these molecules with which coupling would be 
possible from symmetry considerations. Further to this, com- j
parisons were being made amongst a closely related series of 
compounds so such coupling as did occur would not alter by any jI
appreciable extent. The second premise was dismissed as a 
purely practical necessity as very little of the required data 
exist for anharmonicity corrections to be made. These can, 
however, be of considerable importance, a convenient example
being given in the study of Ni(CO)^ [80]• The measured value j
-1 I
of an antisymmetric CO vibration at 205/ cm. was corrected for t
j.
anharmonicity by calculating the zero order frequency from the !
observed frequencies of an overtone and a combination band. j
-1 i:
The corrected frequency was estimated at 2074 cm. . j
In a later paper [63] Cotton stresses the discrepancies j
!
between the force constants calculated on the basis of his j
I
"approximate” secular equations and those calculated rigorously, j
- 1 1 1 -
For example, Mo(CO)^ has a CG force constant of 18,1 md./X as 
determined by a full normal coordinate analysis, but the corres­
ponding value obtained by the simplified treatment is l6.fmd./X. 
However, when considering similar molecules of the same structure 
a comparison of the force constants obtained from the simplified 
treatment was claimed to have an accuracy of 0.1 md./X or better.
An idea of the relative signs and magnitudes of the CO 
stretch force constants and stretch-stretch interaction constants 
were developed from simple valence theory. The p-orbitals in 
the valency shell of the metal were considered to be used entirely 
for T-bonding. The only orbitals of 7r— symmetry remaining are
the d , d and d orbitals which consequently cannot mix with 
xy* yz xz ^ J
any of the other valency shell orbitals. This infers that the 
metal-ligand 7r-bonding can be treated quite separately from the 
bonding and allows certain deductions to be made,
(i) All CO stretch-stretch interaction constants are 
positive.
A simple picture of the 7r~bonding in the MCO system is 
given (fig. xii) to clarify the arguments leading to this con­
clusion : —
When the CO bond is stretched the i r orbital is weakenedz
and the energy of the ttz 35 antibonding orbital drops to a value 
more in line with that of the occupied metal d orbital* This
X Z
allows greater interaction between the d and 7r * orbitals
x z  2
which results in a flow of electrons from the metal to the CO
group. The reduced electron density at the metal means that
the remaining d electrons become less available for M— > C dona—
7r
tion in the other MCO groups, and this in turn strengthens the 
7Tqq orbitals in these groups. An increased resistance to 
stretching, or a stiffening of these CO bonds results. Any CO 
stretch-stretch interaction should thus give terms in the po­
tential energy expression with positive coefficients, f .. (see
i J
p.lOA). In other words the interaction constants should be 
positive.
(ii) If k and k, are the interaction constants betweenv ' c t
pairs of cis- and trans- CO groups respectively, k_ should be
approximately half the value of k^.
This follows from the fact that cis-CO groups share only
one d orbital in the metal valency shell whereas trans-CO groups
7r "1 ■'
share two d orbitals. If the two ligands are considered which 7r
2
cr-bond to the d orbital they occupy mutually trans positions in
z
an octahedral molecule and share both the d and the d orbitalsxz yz
for 7r-bonding. A ligand occupying a cis-position to these, say
one bonded along the x—direction, shares only one of these d
7T
orbitals, in this case the d orbital. Further 7r-bonding canX z
be effected through the A^y orbital, but there will be no inter­
action with the ligands in the z~direction as these will be 
mutually perpendicular to the plane containing this orbital.
These considerations lead to further predictions about the 
relative magnitudes of force constants in simple and substituted 
octahedral metal carbonyls,
(iii) The CO stretch force constants should steadily de­
crease when CO groups are successively replaced by weaker 7r— 
accepting ligands.
This is to be expected as the back-donation of charge from 
the metal to the ligands is increasingly concentrated into the 
remaining CO groups. This causes the MC bond order to rise 
and produces a corresponding decrease in the CO bond order. 
Corroboration for this can be found in the literature for such 
ligands as phosphines, arsines, stibines, isonitriles, sulphides 
and amines [23,73,74,75,81,82,83,84].
(iv) The CO groups cis to substituents of lower w-acceptor 
ability should have higher stretching force constants than CO 
groups trans to such ligands.
The type of ligand considered would cause a general in­
crease in the MC bond order of the remaining MCO systems but
— 112*-—
this effect will be greater for an MC bond trans to the substi­
tuent as two d^ _ orbitals will be shared with this ligand, whereas 
only one will be shared by an MC bond in the ois—position.
Thus, a CO bond trans to such a substituent will undergo a 
larger reduction in force constant than a CO bond in the com­
position .
(v) Stretch— stretch interaction constants should increase 
with increasing replacement of CO by ligands of lower 77*—  acceptor 
ability, or, for compounds of the same type, with decreasing 
w-acceptor ability of the ligands.
- This follows from the increasing number of d electrons
TT
available for back donation per CO group which should magnify 
the effect responsible for the interaction constants as outlined 
in (i). The results so far obtained [63#64,65] kave provided 
experimental verification for this argument, the series of 
ligands placed in their order of Tr-bonding capability agreeing 
with that of Horrocks and Taylor [85] based on CO stretching 
frequencies alone, except for the refinement of the position 
of PF-..
j
The so-called "exact” secular equations of Cotton and 
Kraihanzel [65] in which all physically different stretch-stretch 
interaction constants were distinguished, and the "approximate"
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equations, in which the substitutions
k. = k s k» = kt/2 1 c c '
were made, have been tabulated for all ML (CO),- complexes wheren v x 6—n
n = 0, 1, 2 (ci s and tran s ) , 3( ci s and trans ) , and 4( ois and 
trans) [63, 65]. In the present work investigations have been 
carried out on c i s (CO ) ^ complexes of C^v symmetry. Re­
presenting the molecule by
(2)
' .-cc/1 ) 
L • " C0(l)
C
°(2)
the "approximate11 secular equations are given by :-
Mode of Vibration Secular Equation
a£X) |(i(fc2 + 2k± ) - \
A^2 )  |2 tik± + k ± ) -  X = 0
• • • 1 •
B1 X = }i(k2 - 2k± ) ... 2 ,
. B2 X = (u(k^ - ki ) ... 3.
Here k^ is the CO— stretch force constant for the groups marked(l) 
k2 is the CO-stretch force constant for the groups marked(2) 
{j represents the reciprocal of the reduced mass of the 
CO group = 0.14-583
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2
and \  = (0,05839) "J where V ! frequency of the vibration
-1m  cm, ,
The force constants obtained from these equations are 
in dynes/cm.
The fundamental vibrations involving CO stretching can be 
depicted as
All these vibrations are active in the I,R, At first 
(2 )sight the A£ 1 vibration appears to involve no .change m  dipole 
moment - making this mode inactive in the I,R. — but mixing 
usually takes place between vibrations of the same symmetry when 
their frequencies are not too far removed. Some coupling is 
thus expected to take place between the A ^ ^  and modes re­
sulting in the relaxation of the selection rule which forbids 
(2 )the pure A^ ' vibration appearing in the I.R, absorption spectrum
(2 )
However, the intensity of the A^ y band is expected to be weak.
From the arguments presented earlier (iv) indicates that 
k2 >^ k1 , and this relationship, in conjunction with the secular
equations, shows that one of the A^ fundamental vibrations will
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exhibit the highest frequency* This can be specified as the 
( 2)
A^ (almost forbidden) vibrational frequency [66], The relative 
magnitudes of the remaining three fundamental frequencies depend 
on the value of k^ compared with the value of (kg - k-^ ). Having 
made an unambiguous assignment for the highest CO stretching 
frequency the number of possible assignments for the complete 
set of four fundamental vibrations has been reduced to six. By 
taking three of the measurable CO stretching frequencies from any 
one of these assignments values of k^ , kg and k^ can be calcul­
ated from the secular equations, and if these values of the force 
constants are then used to calculate the fourth frequency a check 
is made on the particular assignment chosen. The true assignment 
will give force constants of the -correct relative magnitudes
(k ^ k ^ ) which can be used to calculate the fourth frequency with
*■*1reasonable accuracy (£ 20 cm. ).
In the present work the necessary equations have been de­
veloped for the calculation of force constants from any three of 
the four fundamental CO ^stretching frequencies by manipulating 
the secular equations relating to the three vibrations selected. 
The method is outlined below utilising the frequencies arising 
from the an<^  ®i vi"bra^i°ns*
The second order secular equation for the frequencies 
can be written as
- 1 1 8
(ykg + 2(j.k± - X)(jjtk1 + - X) - 4(J.2k? = 0.
On expansion and rearrangement a quadratic equation in 
terms of ,X can be obtained, the roots of which are : —
2\ = n(k1+k2+3ki ) i  j ^t|j(k1+k2+3ki )]2 - 4ji2 [2ki (k1-ki )+k2 (k1+k1 )]]
«  • <  >
Let (i)* ^  (2)? an<3- represent the specific
values of X derived from the appropriate fundamental CO stretch­
ing frequencies. Equation 4. applies to both X.(i) and X.(2 ).
A1 A1
Since X^ (2 ) is larger than X^ (l)> an<^  constants k^, kg and
k^ are all positive, the specific roots are :-
2Xa (2) = |j(k1+k2+3k1) + /f[ti(k1+k,,-^)]2 - 4ti2r2ki(k1-k.) +
W ki>]}.. 5.
^ 4 1 ) • * < w » i > *
k0 (kn + k .)]>••• 6.
c. JL X  5
Adding equations 5* and 6, and rearranging gives
XAp) + M l) = + k2 + 5ki) 7-
Subtracting 6. from 5» and substituting for |i(k^ + kg + 3k^) from 
V
XAi2) ~ MID = /^ XA(2) + MD >2 - ^ 2C2k.(k1-k.) +
1 1   ^ I 1
k2 (k1+ki )]i
Squaring both sides and rearranging
V(2) - M i)
--------i—  = [2ki (k1-ki ) + kg(k1+ki )] ... 8.
P
-119-
Prom equation 2.
X
Bi-± = k2 - 2 ^  ... 9.
2
p
From 7* and 9*
kx = Q - (E + 5k ) ... 10.
i
kg = R + 2k± ... 11.
Substituting in 8. and rearranging, an expression for k^
is obtained in terms of P, Q and R
Q - 2E - / U q - 2R)2 - 5[E (K - Q) + P] I
k. = --------- i-i--------------------------------1 ... 12.
1 10
Hence k.. , k0 and k. can be calculated from the funda-1 9 2 i
mental frequencies arising from the and modes
of vibration.
4.
Let kg represent the solution of 12. using the positive
sign of the square root term, kg"" represent the solution of 12.
using the negative sign of the square root term.
Then, from 10, the corresponding values of k^ are 
k1+ = Q - R - 5kA+ . )
V  = Q - E - 5 V  j 13-
and from 11, the corresponding values of kg are
k + = R + 2k.+ )fa -L v
k2" = R + 2ki“* j 12f*
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Equation 3* allows the calculation of L + and A~ from
2 2
which the frequencies of the vibration are readily determined 
corresponding to each set of values (k-^k^k.^ and k^ k^~).
Similar expressions have been developed for the other 
frequency combinations
Let 2 = S
then the equations involving A^ (-O^A. an<^  on^y are
+ (Q - S)- /f(Q - S)2 - 8 [S(S - Q) + P]]
k =  *-i------------------------- > ... 15.
1 8
+ +
k^ — S 4* • • • 16.
+ + 
k~ = Q - S - Aki” ... 17.
and the frequency is calculated from
^B1 = ~ 2ki^~
The equations involving A^ , A^ , and A^ (where A^ is
either A^ or ^  (2) ) are
. 14>v2v\)^ (v\)(ys2)}
-1 A-p.
... 18•
+  i.
k~ = S + k^ ... 19#
+ + 
k~ = R + 2 k .~ ...20.2 i
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The remaining frequency is calculated from 5f or 6.
No ambiguity exists in the results obtained as only one 
self-consistent set of values for k^, kg and k^ is sensible.
The six possible assignments for the CO stretching
frequencies measured for a solution of osmium tetracarbonyl
diiodide in cyclohexane are shown in the left-hand columns of
Table 4-. The force constants derived from the application
(1)of equations 12., 13., and 14*., using the appropriate A^v ,
(2 )7 and frequencies, are listed on the right of the Table 
together with values of the Bg frequency calculated from these 
constants. Of these six assignments (2) can he ignored as 
no real values were obtained for the force constants, (l), (5) 
and (6) all give values of the Bg frequency which are in violent 
disagreement with the assigned values, and (3) gives k^ ^  kg 
which is contrary to the expected result. Only in (4) are 
all the requirements of a satisfactory assignment found.
This, then, must represent the true assignment of frequencies.
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TABLE 4
CO stretching frequencies of Os(CO)^Ig measured in 
cyelohexane solution, their assignments and calculated force
constants in md./X
No | Assignment
a £2 ) A^1 ^
(cm. 1 ) 
B1
t
^hlcula tori force J  constants
B2 1 kl k2 ki
Calculated 
Bg frequency
(1) 2164.8 2100.8 2085.8 2050.0 17. 91j 18.08
CM.0 2091
(2) 2164.8 2100.8 2050.0 2085.8 imaginary r 00 ts -
(3) 2164.8 2085.8 2050.0 2100.8 17.84! 17.65 0.34 2082
* 0 0 2164.8 2085.8 2100.8 2050.0 17.52 18.28 0.23 2069
(5) 2164.8 2050.0 2100.8 2085.8 16.86 18.31 0.24 2028
(6) 2164.8 2050.0 2085.8 2100.8 16.87 18.15 0.29 2026
Similar calculations have been carried out on a number of 
M(CO)^Xg complexes in order to formulate unequivocal assign­
ments of the absorption bands occurring in the stretching 
frequency region* The results are given in Table 5 and show 
that the same order of frequencies prevails throughout (i.e.
V a £ 2 ) >  V>Bl >  >  V b2 >-
SE
Correct assignment
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TABLE 5
Assignments of stretching frequencies for M(C0 )^X2 complexes
Compound Assignments
a i (2) a i (1) B1 B2
Reference for 
original frequen­
cies
Solvent
Fe ( CO^Brg 2151 2099 2109 2075 61 Cyelohexane
Fe(C0)4I2 2132 2081 2086 2063 6l Cyelohexane
Ru (C0)4I2 2161 2097 2106 2068 60 Carbon
Tetrachloride
Os(CO), Br2 
0s(C0)4 I2 .
1
2178
2165
2090
2086
2113
2101
2051
2050
)Pre sent 
)
) Work
Cyelohexane
Cyelohexane
The value of this method for assessing assignments is 
seen to best advantage when it is only possible to measure three 
of the four fundamental stretching frequencies accurately. If 
one absorption band appears as a shoulder in the I.R. spectrum, 
the true assignment can be arrived at satisfactorily by using 
the frequencies of the three well-defined bands and calculating 
the position of the fourth. However, certain disadvantages 
are apparent in this method. In the first place the calculated 
force constants cannot represent the best overall values as only 
three of the four fundamental frequencies have been used in 
their calculation. Moreover, erroneous conclusions can be
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reached when the measured frequencies are used directly in
certain calculations. In the present work, force constant
calculations hased on the assignments quoted in Table ,5 pro-
(2 )
vided imaginary roots when the equations involving the A^v ',
and Bg frequencies only were employed. Taken alone this 
would exclude the possibility of these assignments being the 
correct ones. However, every alternative assignment could 
also be dismissed in this series of calculations using similar 
arguments to those presented earlier for the results of Table 4. 
A possible explanation for this breakdown in the efficacy of 
this method of determining correct assignments is as follows.
The approximations involved in the formulation of all the 
secular equations which allow the calculation of force constants 
directly from the measured frequencies must incur certain 
limitations in their applicability. No corrections of the fre­
quencies for anharmonicity, or for direct coupling of vibrations 
are taken into account, and as both of these factors can be of 
considerable importance, the errors involved in the frequencies 
used in the above calculations may have been sufficient to cause 
the square root term in equation 15. "to become negative even 
though the assignment was the correct one,
A more powerful method for the calculation of force 
constants from the approximate secular equations introduced
on p.115 has recently been developed by Cotton [63]. This 
procedure demands the measurement of all four CO stretching fre 
quencies to an equal precision and allows the graphical 
interpolation of force constants which represent better average 
values than those obtainable from the method outlined above.
The frequencies of the and Bg modes were used to calculate
and kg for assumed values of k^. This was followed by
. . (2 ) (1 ) similar calculations using the * and A^v ' frequencies in
which k^ was allowed to vary from zero to some upper limit
beyond which the stretching force constants became complex
numbers. Plotting the calculated values of k^ and kg against
assumed values of k^ for both sets of results should ideally
cause the two k^ curves and the two kg curves to meet at the
same value of k^, and also to uphold the condition that kg ^ k
In practice this ideal situation was not met, but the correct
assignment provided the best approximation to this situation.
The "best1' values of k^, kg and k^ have been interpolated
graphically, and as a check on their reliability all four funda
mental CO stretching frequencies have been back-calculated from
these force constants.
The equations which have been developed for the cal­
culation of k^ and kg for assumed values of k^ are given below:
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Linear equations for k^ and kg follow directly from the 
secular equations for the and Bg fundamental vibrations, i.e.
\from equation 2. kg = — —  + 2k^ ... 21.
\from equation 3. . = --  + k. ... 22.
V 1
The expressions for k^ and kg involving the frequencie
and k^ were obtained in the following way
P - 2k±(k - k . )
from equation 8. kg = —  1 1
k_ + k .
1 i
Substituting for kg in 7*
Q = k1 + 3k± +
- 2k.(kn - k . ) i v 1 i '
k ' + k.1 i
which leads to the following expression for k^
2
- (Q ~ ^  ± ' / { ( Q ' 2ki } " 4[ki (5ki ~ Q) + F ] S ... 23.
kl =
. 2
Similarly P  ?
( Q  -  4 k . )  i / i ( Q  -  4 k . )  -  4 [ 2 k . ( 4 k .  -  Q)  +  P ] |
k2 =    ,  -----------------------------
where
p s —  " " 2   .... and Q  =    -.. as before.
An illustration of the use of this graphical procedure to 
determine the correct assignment of the CO stretching frequencies 
for cis-ML^,(CO), complexes is given for the particular case of— —  7 Zf
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Os(CO)^Ig using the same order of possible assignments as set
out in Table 4. The original premise that the highest fre—
(2 )
quency is that due to the fundamental vibration is retained.
The computed values of k^ and kg for assumed values of k^ in­
volving the A^ fundamentals are presented in Table 6. Their 
graphical representations, together with the appropriate curves 
derived from the B-^  and Bg fundamentals, are shown in fig.(xiii).
Five of the six assignments can be rejected. For 
example, the B^ and Bg frequencies in assignments 2 and 3 show 
the value of k^ as being greater than that of kg for all reason­
able values of k^; moreover, the two kg curves do not meet at 
any point within the boundaries of real numbers. Assignment 1 
gives kg y  k^ but the force constants obtained from the A^ 
modes differ greatly from those calculated from the B^ and Bg 
modes. These arguments also apply to assignments 5 and 6.
Assignment 4 alone gives acceptable results in all res­
pects. As can be seen from the diagram, the position of closest 
approach of the two k^ curves and the intersection of the two kg 
curves occur at the same value of k^. This immediately fixes 
the values of kg and k^. The value of k^ was taken as the mean 
of the two values obtained by the intersection of the k^ curves 
with the ordinate through k^.
, This assignment is in agreement with that arrived at
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TABLE 6
Computed values of k^ and from the assigned 
vibrational frequencies for OsCCOj^Ig using assumed
values of k^.
Assignments 1 and 2 Assignments 3 and 4
a , (2) A t1 ) a <2) A , ( l )1 1 1 1
2164.8 2100.8 2164.8 2085.8
k. k_ k- k. k_ k_X 1 2 X 1 2
0.05 17.781 18.816 0.05 17.526 18.817
0.10 17.760 18.687 0.10 17.499 18.695
0.15 17.761 18.536 0.15 17.489 18.555
0.20 17.794 18.353 0.20 17.499 18.394
0.25 17.891 18.106 0.25 17.539 18.205
0.30 Imaginary values 0.30 17.631 17.963
0.35 Imaginary values
Assignments 5 and 6
2164.8 2050.0
k. k _ k_X 1 2
0.05 16.926 18.820
0.10 16.891 18.704
0.15 16.868 18.578
0.20 16.856 18.439
0.25 16.858 18.287
0.30 16.877 18.119
0.35 16.916 17.929
0.40 16.987 17.709
0.45 17.118 17.428
0.50 Imaginary value 1
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previously, but the force constants obtained from the graphical 
interpolation method show some discrepancy with those recorded 
in Table 4 for assignment 4. However, introducing these force 
constants into the secular equations and back-calculating the 
four fundamental CO stretching frequencies shows that the force 
constants obtained by the graphical procedure are to be pre­
ferred, the maximum error in any one calculated frequency being 
less than 10 cm, ^ compared with the misplacement of the Bg 
fundamental by 19 cm, ^ in the alternative treatment.
The results of these calculations on compounds of the 
type M(C0)^Xg are recorded in Table 7.
Recently assignments have been made and force constants 
calculated for compounds of the type [Mn(C0)^X]g where 
X = Cl, Br, I [63]* These compounds have been established as 
involving a halogen bridged dimeric structure of symmetry
[68], However, the molecule can
0 . 0
be considered as two Mn(C0)^Xg radicals of CgV symmetry fused 
together on the X - X line, and it was pointed out that coupling 
between the CO stretching vibrations in one half of the molecule
T
A
B
L
E
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\
with those in the other would he negligible. The secular 
equations developed for the monomeric cis-ML^(C O c o m p l e x e s  
were thus used in calculations based on the four observed 
stretching frequencies. These calculations have been repeated 
and extended to include the results for the technecium and 
rhenium analogs, for purposes of comparison with the tetracar- 
bonyl dihalides mentioned above, using the graphical procedure 
already outlined, and the data collected together in Table 8,
The CO stretching frequencies for these compounds were obtained 
from solutions in carbon tetrachloride by El Sayed and Kaesz 
[671.
3, Discussion of structure and determination of force constants 
for [Os(CO)3X2 ]2 .
The compound assigned the formula 0s(C0)jI2 appears to 
be associated, and is possibly dimeric, from molecular weight 
determinations (Section II, p, 52), The tendency of the heavier 
d metal atoms or ions to form octahedral complexes and the 
readiness with which simple metal carbonyl halides lose a mole­
cule of carbon monoxide and form halogen bridged dimers both 
support this contention. An I.E. absorption study of the com­
pound revealed no carbonyl stretching frequencies below 2000 cm.'*' 
thus excluding the possibility of a carbonyl bridged complex. 
Reasonable structures, then, will involve bridging via the iodine
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atoms. Several isomers are feasible, but if the molecule is 
considered as being symmetrical about a plane joining the iodine 
atoms, the basic structure of these particular entities are re- 
dueed to two possibilities*
0 . 0 
I C . C
o c \ < ^  ■ oc\ i ^
O s .  Os
■ / i oc
trans-0s(C0),I, (Cn ) . ~ „ s  v 3 3 2v y cis-OsCCO),I, (C y r )
Working on the assumption that the interaction between 
CO stretching vibrations in the separate halves of the molecule 
will be negligible (as done by Cotton for [Mn(CO)^X]g)the ex­
pected I.R. absorption patterns should correspond to those 
observed for trans-M (C O [73] and ois—M(CO ),L, complexes
[23,67,64,84] respectively. That is to say, for structure I
(2 )
a weak high frequency band corresponding to the ' vibration
in M(C0)^Xg complexes, and two further bands corresponding to 
the and vibrations: for structure II two bands only
are expected corresponding to the A^ vibration and the doubly 
degenerate E (B^) mode which should have roughly twice the 
intensity of the higher frequency A^ band [66].
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The observed spectra for O s ( C O) ( X  = Cl, Br, I) exhibit 
two absorption bands, a fairly sharp intense high frequency 
band, and a broad very intense band. Likely structures for the 
molecule (^(CO^Ig are thus reduced to : —
0
III. I C IV. I I
^ C0 0C- J  ^ C0
Os J^Os Os^r JlOsrT
OCT | ^ 1  ^  I ^ C O  OC^I " I ^ \  ^ c o
C l  c c
0 0 0
Further evidence would be required to decide which of 
these structures was, in fact, the true one, but the author has a 
slight perhaps instinctive preference for the more symmetrical 
structure III. At least here physical interactions between 
the bulky iodine atoms is minimal. By analogy the correspond­
ing chloride and bromide will have the same structure, so by 
using the secular equations derived for ois-M ( C O ) c o m p l e x e s
of symmetry [65] approximate force constants can be obtained
3 v
for these compounds.
Mode of vibration Secular Equation
X = ji(k + 2ki ) ... 25.
E ' X = |i(k — k^) ... 26.
Assignments of the frequencies observed in CCl^ solution 
(2 mm. path length) and the calculated force constants are re­
corded in Table 9*
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TABLE 9
Compound Assignments
Al E
Force Constants \ 
k ki
0s(C0)3Cl2 2136 2061 17.58 0.42
Os(CO)^Br2 2129 2057 ■ 17.50 0.41
Os(CO)3I2 2119 2051 17.36 0.38
The values of the force constants are of the order to 
be expected for structures III., thus lending more weight to 
the feasibility of this configuration*
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PART 2.
Solvent Shifts
1. Introduction
The change in frequency associated with a vibrational mode 
of a solute when examined in different solvents has provided 
the basis for much discussion in recent years. A comprehensive 
review of the field has been given by Williams [86] which shows 
the development of the theory from that of Kirkwood [87] and of 
Bauer and Magat [88] to the more sophisticated treatments of 
Buckingham [89,90]. The earlier attempts to rationalise these
so-called solvent shifts were based on the model of an oscilla­
ting point dipole in a spherical cavity in a continuous dielectric 
medium, and led to the well-known Kirkwood-Bauer-Magat re­
lation :-
A y  _ D—1
y  ~ 2D+1
where A y  is the change in frequency on going from the vapour to 
the solution phase, V  is the vapour phase frequency, D is the 
dielectric constant of the solvent, and C is a constant.
The limitations of this equation have been examined by 
Pullin' [91] who extended the theory of Bauer and Magat to in­
clude functions of bond polarisability and derivatives of the
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dipole-moment distance function [92], Possibly the best 
theoretical approach is that due to Buckingham [89] which pre­
dicts changes in solute frequency, intensity and band width 
of both fundamental and overtone bands quite accurately. It 
also predicts constancy of with isotopic substitution,
a condition that is found to hold in practice [93,94].
The applicability of the KBM equation has been extensive­
ly studied by Josien et al, [93,95-101] and also by Bayliss 
Cole and Little [102], It has been shown to.be suitable for 
X-H (X = N, 0, S) and C : 0 (ketonic) vibrators for only a 
few non-polar solvents, Por polar solvents the KBM equation 
was found to be inadequate, this being attributed to " complex 
formation” between the solute and solvent. The observation of 
more than one absorption band when mixed solvents were used 
tends to confirm this [97, 103].
Bellamy, Hallam and Williams [104] have plotted A  
for given XH vibrators in a series of solvents against 
for a standard (-NH of pyrrole) in the same solvents and obtained 
straight lines, the gradient of which they related to the proton 
donating powers of the solutes. Linear plots of this nature, 
showing no discontinuity on going from polar to non-polar 
solvents, suggest that the mechanism of specific interaction 
between solute and solvent must exist in polar and non-polar
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m e d i a  a l i k e .  T h i s  p o s t u l a t e  w a s  c o n f i r m e d  b y  o b t a i n i n g  a  
l i n e a r  p l o t  o f  A  V / y  f o r  ( N H ) — p y r r o l e  a g a i n s t A  V/  ^  for
( O H ) — m i c r o p o r o u s  g l a s s  f o r  a  w h o l e  r a n g e  o f  s o l v e n t s  [105]*
I t  i s  k n o w n  t h a t  t h e  a d s o r p t i o n  o f  s o l v e n t s  o n  t h e  s u r f a c e  o f  
g l a s s  t a k e s  p l a c e  b y  d i r e c t  a s s o c i a t i o n  o f  t h e  s o l v e n t  m o l e c u l e s  
w i t h  t h e  h y d r o x y l  g r o u p s ,  s o  a  s i m i l a r  a s s o c i a t i o n  m e c h a n i s m  
m u s t  b e  t a k i n g  p l a c e  b e t w e e n  p y r r o l e  a n d  t h e  s o l v e n t s .  T h e  
t h e r m a l  d i s r u p t i v e  f o r c e s  a r e  g e n e r a l l y  g r e a t e r  t h a n  t h e  a s s o c i a ­
t i v e  f o r c e s  i n  t h e  l a t t e r  b u t  t h e  p e r i o d  o f  a d h e s i o n  i s  l o n g  
c o m p a r e d  w i t h  t h e  p e r i o d  o f  N H  - - v i b r a t i o n  s o  i t  b e h a v e s  s p e c t r o ­
s c o p i c a l l y  a s  t h o u g h  i t  w e r e  a  1  :  1  p y r r o l e - s o l v e n t  c o m p l e x .  
F u r t h e r ,  i t  h a s  b e e n  s h o w n  t h a t  s o l v e n t  s e n s i t i v i t y  i n c r e a s e d  
w i t h  p o l a r i t y  o f  t h e  v i b r a t o r  s t u d i e d .  F i n a l l y ,  w h e n  t h e  
v i b r a t i n g  g r o u p  w a s  a l r e a d y  a s s o c i a t e d  t h e  f r e q u e n c y  w a s  s h o w n  
t o  b e  a l m o s t  s o l v e n t  i n s e n s i t i v e  [103]*
T h e  a p p l i c a t i o n  o f  t h i s  l a s t  p h e n o m e n o n  h a s  b e e n  u s e f u l  
i n  d e c i d i n g  w h e t h e r  c e r t a i n  o ^ - h y d r o x y  p h e n o l s  u n d e r g o  i n t e r m o l e -  
c u l a r  b o n d i n g ,  t h e  i n s e n s i t i v i t y  o f  t h e  O H — f r e q u e n c y  t o  s o l v e n t  
i n t e r c h a n g e  b e i n g  u s e d  a s  t h e  c r i t e r i o n  [106], F u r t h e r  d i ­
a g n o s t i c  u s e s  o f  s o l v e n t  s h i f t s  a r e  d i s c u s s e d  i n  r e f e r e n c e  8 6 .
T h e  w o r k  d e s c r i b e d  s o  f a r  h a s  b e e n  p r i m a r i l y  c o n c e r n e d  
w i t h  o r g a n i c  s o l u t e s .  T h e  l a c k  o f  i n f o r m a t i o n  r e g a r d i n g  t h e  
b e h a v i o u r  o f  i n o r g a n i c  c o m p o u n d s  o n  s o l v e n t  i n t e r c h a n g e  m a y  b e  
d u e  t o  t h e  u s u a l l y  n a r r o w e r  r a n g e  o f  u s e f u l  s o l v e n t s ,  a n d  t h e
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comparative difficulty in obtaining a series of compounds suit­
able for such investigations. However, Barraclough, Lewis and 
Nyholm [6l] have investigated the effects of solvents Qn a 
series of metal carbonyls and certain of their derivatives.
The solvents were restricted to cyclohexane and chloroform due 
to solubility limitations and also to serious band broadening 
effects on increasing the polarity of the solvent. They found 
that unsubstituted metal carbonyls showed little or no solvent 
shift for the terminal CO groups, but increasing substitution 
by 0,-phenylenebisdimethylarsine (a ligand which is less effective 
in 7r-bonding with the metal than CO [107]) provided increasing 
sensitivity of the CO -vibrator to solvent interchange. In all 
of these compounds the observed frequency decreased from cyclo­
hexane to chloroform.
On increasing the substitution of CO -groups in the metal 
carbonyl the M — £ C 7r-bonding is intensified in the remaining 
MCO groups. This causes a shift of electrons towards the ter— 
minal oxygen atoms which increases the C - 0 dipoles and 
results in an increase in solvent sensitivity. As the solvent 
becomes more polar the solute-solvent interaction will enhance 
the polarisation of the CO groups which will result in a decrease 
of the CO bond order and a consequent lowering of the observed 
frequencies. This mechanism thus adequately accounts for all 
the reported phenomena.
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For the metal carbonyl halides the frequency was found 
to rise with increasing solvent polarity and the effect was 
again increased with increasing substitution. The reversal in 
the direction of shift was accounted for by a similar reasoning 
to that used by Bellamy for N0C1 [108]. The meta1-halogen bond 
will have an appreciable percentage of ionic character which 
will result in the metal having a proportionate amount of posi­
tive charge. Pauling*s electroneutrality prinoiple can thus 
be satisfied by a weaker M — > C 7r-bond. In a polar medium the 
halogen atom will be preferentially solvated resulting in a 
larger contribution by the ionic resonance (V.B.) structure and 
so to a reduction of the MC bond order. This will be parallell­
ed by a corresponding increase in the CO bond order resulting 
in a rise in the observed CO vibration frequencies.
Adams has recently studied the solvent sensitivity of a 
further selection of substituted metal carbonyls, and also 
several metal nitrosyls and metal hydrides [109]* Information 
about electron distribution in these molecules from solvent 
shifts was deduced using similar arguments to those described 
above. Irving and Fairey [110] have studied the solvent be­
haviour of several ruthenium nitrosyls of the type Ru (N0)L2X^ 
in numerous solvents, and found that the observed nitrosyl 
stretching frequency increased with increasing polarity of the
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solvent. They point out that although their results are ade­
quately explained on the basis of the arguments presented by 
Barraclough, Lewis and Nyholm (preferential solvation of X), 
the molecular orbital calculations of Brion, Moser and Yamazaki 
[ill] which indicate that the polarity of the nitrosyl group is 
N - 0 (the reverse of that expected from electronegativity 
considerations) can be invoked to provide the equally satis­
factory explanation that a dipole-dipole interaction takes 
place between the positive oxygen and polar solvent. This 
would cause an increase in the NO bond order by stabilising the 
charge on the oxygen, and consequently shift the observed NO 
absorption band to higher frequencies*
In the present work solvent shift studies have been ex­
tended to some substituted osmium carbonyl halides in an attempt 
to rationalise the influence of various solvents on the CO 
stretching frequencies.
2. Results
In the present work spectra have been recorded using a
Grubb Parsons double beam grating spectrophotometer, a brief
description of which was given in Section II, Carbonyl
stretching frequencies have been observed over the range 2200 - 
—11950 cm. * For the osmium tetracarbonyl dihalides the lowest
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—1absorption band occurred at 2048*5 cm* , so scanning was re­
quired only over the range 2500 - 2000 cm*”1 using the second 
order reflection conditions. Calibration of the instrument 
over this region was carried out using deuterium chloride gas 
as recommended by the I.U.P.A.C. [112]. Since deuterium 
chloride is not a convenient primary standard for routine measure 
ments, owing to its rapid degradation to hydrogen chloride, a 
secondary standard was employed. Methylene dichloride (2 mm. 
path length) was selected for this purpose and the three quite 
well defined absorption bands occurring in the CO stretching 
frequency region were calibrated directly against deuterium 
chloride. All CO absorption bands were then related to these
standardised frequencies which occurred at 2157*0, 2127*9, and 
-1
2055*3 cm. respectively. The maximum error in the frequen­
cies of the CO - stretching vibrations for the osmium tetracarbonyl
+ -1dihalides, as stated in Table 10, is - 2 cm. , but for
differences between the frequencies themselves from solvent to
solvent, or from band to band in the same solvent, the accuracy
is of a much higher standard. Except when relatively broad
or very weak bands are involved, as indicated in the Table, the
+ -1
maximum error incurred in these measurements is' - 1 cm. *
The spectra of the ML2 (C0)2X2 complexes generally ex­
hibited CO' stretching frequencies close to, and either side of,
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2000 cm, , Absorption was then occurring near the limits 
of the 1st and 2nd order reflection conditions, and direct 
comparison of the higher A^ frequency with the Bg frequency 
could only he obtained by using the 1st order reflection con­
ditions and the KBr foreprism throughout. The wavelength drum 
and foreprism wavelength scale were set to coincide at 
(2000 cm, ^ ), then the drum back—wound to start recording from 
4.5 {i (2222.2 cm, ). The reproducibility of the spectra 
obtained under these conditions was excellent, the measurement 
error on a particular absorption band rarely exceeding 0,5 cm.  ^
on consecutive runs.
Calibration of the instrument for these measurements
was again carried out using deuterium chloride, but the lower
resolving power and faster scanning speed operating in the 1st
order resu l ted  in a reduction in the overall accuracy as compared
with measurements made under 2nd order reflection conditions.
Here the measured frequencies incorporate a possible error of 
+ —1
- 4cm. . Comparisons between frequencies, however, involve
+ -1 no greater error than — 2 cm. •
Useful solvents were restricted to those which provided 
adequate solubility for the compounds studied, and, in con­
junction with this, those which did not absorb more than 80% 
of the radiation anywhere in the CO stretching frequency region
-145-
using a path length adequate for measuring the solute fre­
quencies. (This was generally of the order 0.5 — 1 mm.).
All frequencies have been measured from solvent compensated 
spectra run under high resolution conditions. First order 
runs were carried out at a chart speed of 1 inch/min. and a 
scanning speed of 1^/4 min.: second order runs were carried 
out at the same chart speed but a scanning speed of 1jj/8 min. 
was used. The corrected fundamental CO stretching fre­
quencies obtained in this way are recorded in Tables 10 and 11. 
Further relevant data have been included in Table 12 from 
references 60 and 61.
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TABLE 10
Solvent studies of the CO stretching frequencies 
of 0s(C0)^X2 complexes
(All frequencies in c®, )
0 s( CO )
Solvent C6H12 C12C:CC12 CCl^ CHC1* c h 2c i 2 CH*N0o j  2
Ai
(2) 2164*8 2165.1 2166.9 2170.3 2171.0 2175.5
Bi
2100.8 2101.0 2102.8 2105.4 2105.0 2106.4
A1 (1) 2085.8 2085.8 2088.0 2092.9 2094.2 (2101)
B2 2050.0 2050.0 2051.8 2057.1 2058.7 2065.5
Av>
2Cl, ^CCl, ^ VCHC1, 4 4 3 A v c h 2 c i 2
a ^ ch
5
A1 (2) 0,3 2.1 5.5 6.2 10.7
B1 0.2 2.0 4. 6
4.2 5. 6
A^ C1 ) Q 2.2 7.1 8.4 15.2
B2 0 1.8 7.1 8.7 15.5
/ Contd...
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TABLE 10 (Contd.)
0s( C O ),Br2
Solvent C6H12 o ro o CC1.4
CHC1,
5
c h 2c i 2 CH,N0o
A (2 ) 1 2177.8V>>,2178.6 2180.2 w  2184.0 2184.9 2188.2
B1 2112.8 2113.3 2115.5 2118.4 2117.3 2118.4
A (1) 1 2089.8 2090.1 2092.6 2098.9 2099.6 2105.8
B2 2051.0 2031.8 2053.5 2059.7 2060.9 2067.2
A (2) 
1 O j
,C14 ^ c c i 4
3 2.4
^^CHCl-
3
6.2
A ^ c h 2<
7.1
Cl2 A V C] 
10
B1 0.5 2.7
5.6 4.5 5
A (1) A1 0 . 3 2.6 9.1 9.8 16.
B2 0.8 2.5 8.7 9.9 16
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TABLE 11
Solvent studies of the CO stretching frequencies 
of OsLgCCO)^^^ complexes 
(All frequencies in cm."'*')
L = (/o)3P
H a l i a V ^ lvent C
X  =  I
6H12 
I
C12C:CC1
2061.6
2002.5
2 CC14 
2062,7 
2003.5
CHC1,
j
2064.6 
2004.0
c h 2c i 2
2065.1
2004.3
CH^N02
2067.5
2006.1
X = Br I 2063.8
2000.0
2064.9
2001.0
2067.0
2003.0
2067.3
2003.3
2068.6
2005.1
X = Cl 
L = G O ?p
I 2063.3
1998.0
2064.1
1998.8
2067.3
2001.0
2067.5
2001.0
2069.2
2003.0
X = I I 2040.0
1974.7
2040.0
1974.2
2041.6
1975.2
2040.8
1975.0 I
X = Br I 2041.6
1972.8
2042.9
1973.7
2043.7
1974.2
2043.1
1974.0 I
X = Cl 
L = (^)3a s
I 2041.0
1969.3
2042.1
1970.8
2043.7
1971.3
2043.1
1971.0 I
X = I I 2034.3
1969.3
2035.3
1969.8
2037.1
1970.8
2037.4
1971.0 I
X = Br I I I 2039.7
1970.3
2040.0
1970.6 I
X = Cl 
L = (^)5Sb
I I I 2039.5
1968.1
2038.4
1967.4
TJL.
X = I I I 2029.8
1966.2
2031.1
1967.4
2030.7
1965.9
I
X = Br I I I 2033.2
1966.2
2032.2
1965.7
I
X = Cl I I I 2032.7
1965.0
2032.4
1964.0 I
I = Insufficiently soluble.
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TABLE 11 (Contd.)
L = ^2PC1
HalideN Solvent C12C:CC12 c h 2 c i2 PCI
X = I
L = jzfPCl,
2051
1991
X = I 2063
2008
L = PCI
X = I 2074
2023
L9 = diphos. W 2PCH2 .CH2P^2 )
X = I 2051
1984
L0 = diars.
X = I 
L = py.
X = I
Me Me
\ /. As
A
Me Me
2043
1972
2040.5
1973.5
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TABLE 12
-1
(All frequencies in cm. )
Fe(C0)^Br2
C6H12
2151
2109
2099
2075
CHC1-
2156
2114
2109
2083
Fe(C0)^I2
C6H12
2132
2086
2081 f
2063
CHC1.
2136
2091
2071
Ru(CO),I r
CC1,
4
2161
2106
2097
2068
Mo(CO)^ Mo(diars.)(CO). Mo(diars.
C6H12 CHC13 C6H12
2X19 (Raman) 2026 2024 X887
2022 (Raman) 1938 1934 1828
1984 1923 1918
1914 1894
>2 ( C0>2
CHC1,
J
1859
1786
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PART 3.
Discussion of Results
The force constants and solvent shifts associated with 
the carbonyl group are conveniently discussed together as both 
provide physical evidence for the nature of bonding and the 
electronic environment in metal carbonyl complexes. The 
shifts of frequencies, and hence changes in force constants, 
associated with changes of solvent indicate that intermolecular 
forces exist between solute and solvent. It seems reasonable 
that these forces will increase with an increase in polarity 
of the solvent. In the solid phase crystal lattice forces 
come into effect providing stronger intermolecular forces which- 
can even produce qualitative changes in the appearance of 
spectra [64]. It thus appears that, where gas-phase spectra 
are impossible, good approximations to the frequencies of a 
free molecule can be obtained only from solution spectra in 
non-polar solvents# Walkley, G-lew and Hildebrand have found 
that the iodine absorption band at 523 mp occurs at the same 
frequency for both the vapour phase and for a solution in cyclo- 
hexane [113]# Hence, where solubility permits this solvent 
has been chosen for the measurement of frequencies used in the 
calculation of force constants and as a reference base for 
solvent shifts.
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T h e  f o r c e  c o n s t a n t  c a l c u l a t i o n s  f o r  m o l e c u l e s  o f  t h e
type M(C0)^X2 have led to the assignment of frequencies, in
( o \  ( l ^
decreasing order of magnitude, as A^v ' } B2 (See
Section IV, Part 1, p. 123). Cotton and Kraihanzel found that 
assignments for the phosphine ci s-disub stituted hexacarbonyls 
followed a different order, namely A ^ ^  ^1^"^ ®l w-*len
the amine analogs were investigated the same order of fre­
quencies was obtained as in the present work. The argument 
put forward by these workers to explain this change in the 
order of frequencies was basically- this :- the w-acceptor 
ability of the phosphine ligands is appreciable whereas the 
nitrogen ligands, such as ethylene diamine are purely O ' "-bonding. 
This means that the 7r-bonding to the carbonyl groups must 
increase considerably from the phosphine substituted complexes 
to the amine substituted complexes. The CO groups trans to 
the ligands share two d^ orbitals with the substituted groups 
whereas the CO groups cis to the ligands only share one d^ 
orbital with them. The frequencies involving the CO(l) groups
will thus be depressed more than those involving the C0(2)
(1)groups, so the A-^v ' frequency can drop below the B^ frequency.
C o n s i d e r i n g  a  s e r i e s  o f  m e t a l  c a r b o n y l  h a l i d e s  i n  w h i c h  
t h e  m e t a l  r e m a i n s  t h e  s a m e  b u t  t h e  h a l o g e n  i s  c h a n g e d ,  t h e  C O  
s t r e t c h i n g  f r e q u e n c i e s  a r e  o b s e r v e d  t o  d r o p  f r o m  C l  — ^  B r  — £  I .
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(See Tables 7 and 8 ). The ?r-bonding capabilities are generally 
considered to increase along this series, and the inductive 
effect to decrease. If the former factor were important in 
the case of metal carbonyl halides the CO frequencies would be 
expected to rise, but if the latter were the overriding factor 
the CO frequencies would decrease. From the results of this 
work, and of several other workers [67,114,115] it is obvious 
that the change of inductive power along the series Cl, Br, I 
is by far the major operative factor.
The decrease in the value of k^ along this series is 
more difficult to interpret. Cotton has presented arguments 
for the increase in k^ occurring with increasing replacement of 
CO by ligands of lower w-bonding capability, and for the in­
crease in k^, for compounds of a given type, with de creasing 
w-acceptor ability of the co-ordinating ligands other than CO.
In both instances an increase in k^ is expected for an increase 
in the availability oi'1 number of the metal d electrons taking 
part in MCO bonding. These expectations are well born out in 
practice [63],the descending values of the interaction constants 
obtained for a series of similar complexes giving a measure of 
the relative effectiveness of the ligands in 7r-bonding - see 
Table 13. (in most cases a general drop of frequencies along 
such a series is a suitable criterion for such a comparison 
However, as pointed out by Cotton in the case of PF^ [63],
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frequency considerations alone are insufficient in certain 
cases. Indeed the position of pyridine in Table 13 would have 
provided just such an anomaly if the frequencies alone were 
used as the basis of its compilation). Although the compounds 
considered were zero-valent complexes the same arguments should 
apply to a series of compounds in any other particular valence 
state. The decreasing CO frequencies along the series Cl, Br, 
I for the metal carbonyl halides shows that the MC 7r—bond order 
is increasing, so the expected result is one of increasing 
values of k^. In practice the opposite applies.
TABLE 13
Variation of CO frequencies and with w-bonding 
capability of ligands.
r— ---- -— — ----------
C o m p o u n d A s s i g n m e n t s  ( c m .
a i (2) b i a i (1)
-1 ).
B2
I n t e r a c t i o n
C o n s t a n t
k i O r d e r  o f
Mo e n ( C O ) ^ 2015 1890 1864 1818 0.42 I n c r e a s i n g
Mo py2 (C0)4 2025 1907 1881 1839 0.42
'
7 r - b o n d i n g
Mo dipy(CO), 2017 1909 1878 1829 0.41
C a p a b i l i t y  o f
Mo[(CH3 )3Pl2pO)4 2019 1903 1920 1893 0.36
■
L i g a n d .
M o ( ^ 3 P ) 2 ( C 0 ) 4 2023 1911 1929 1899 0.35
m o ( p c i 3 ) 2 ( c o ) 4 2072 1994 2004 1986 0.27
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A possible explanation for this apparent anomaly is that 
the arguments presented leave out the question of 7r—bonding 
between the metal and the halogens. Admittedly it has been 
shown that w-bonding effects are of much less significance than 
the inductive effects, but if they are taken into consideration 
the increasing ability of the MX system to take part in 7r- 
bonding along the series Cl, Br, I infers that the number of 
metal d electrons available for taking part in MCO bonding will
7T A
decrease. This could be the responsible factor for the observ­
ed decrease in k^ along the series Cl, Br, I.
Before other features of the results obtained from I.R. 
absorption studies are discussed, it is convenient to make 
some reference to the actual mechanisms involved when a metal 
carbonyl or derivative is dissolved in a solvent, and to con­
sider the effects on the CO stretching frequencies when the 
constitution of the complex or the polarity of the medium is 
changed. The basic mechanisms involved have already been dis­
cussed in the introduction to Part 2 of this section. A brief 
resume will be given here with the emphasis on the trends ex­
pected for the direction and magnitude of frequency shifts 
associated with changing substituent and medium.
The polarity of the free carbon monoxide molecule, as
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pointed out in Section I, is in the direction C - 0 + . On
coordination with a metal to give a pure metal carbonyl this
polarity is lost. Evidence for this rests in the non-existence 
of solvent shifts for the frequencies associated with terminal 
CO vibrations, indicating that these groups are neutral [61,109]* 
This is shown schematically in fig.(xiv).
Replacement of a carbonyl group by a neutral ligand of 
lower w-bonding ability results in an increased electron density 
at the metal. This is counteracted by an increased w—donation
fig.(xiv) (a) - 06+
(b) O - C - M - C - O  Neutral CO linkages.
(c) L*— ^ M—  C—  0 Electron shifts and CO
dipole on replacement of 
C O  b y  L .
(d) X “v™ M -—  C — C + Electron shifts and CO
dipole on replacement of 
CO by X.
from the metal to the remaining carbonyl groups, and this causes 
a reduction in the participation of the oxygen lone pair of 
electrons in 7r— 'bonding between the carbon and oxygen atoms.
This infers a decrease in the CO bond order, and the formation 
of a ‘C —  0 ~ dipole (fig. xiv (c)). Carbonyl stretching
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frequencies should thus decrease, and solvent sensitivity in­
crease, with increasing replacement of CO groups hy neutral 
ligands. The prediction can now be made that a change in the 
ligand itself to one having a more readily polarisable electron 
pair on the donor atom, or to one less effective in w—bonding 
with the metal, should result in a decrease in the CO stretching 
frequencies and an increase in solvent sensitivity using exactly 
similar arguments. Finally, the stabilisation of the ionic 
contribution to the structure through solvent interaction infers 
more pronounced electron shifts towards the oxygen atom in the 
equilibrium structure, so the direction of frequency shifts 
should be towards lower CO stretching frequencies on increasing 
the polarity of the solvent.
Replacement of a carbonyl group in the original pure metal 
carbonyl by a halogen creates a completely different situation.
In the first instance the oxidation state of the metal is in­
creased from zero, and, although the M - X bond is largely 
covalent in these systems, the electronegativity difference 
between these atoms ensures an appreciable polarity with a partial 
negative charge on the halogen atom. The decrease in electron 
density causes electron shifts in the direction indicated in
fig.(xiv)(d) resulting in an increase in the CO bond orders and
8 8+
the formation of a small C —  0 dipole. As the number of
C O  g r o u p s  r e p l a c e d  b y  h a l o g e n s  i s  i n c r e a s e d ,  t h e  C O  b o n d  o r d e r  
i n c r e a s e s  a c c o r d i n g l y ,  r e s u l t i n g  i n  i n c r e a s e d  C O  s t r e t c h i n g  
f r e q u e n c i e s .  F u r t h e r  t o  t h i s ,  a  c h a n g e  o f  h a l o g e n  f r o m  I  t o  
B r  t o  C l  i n  a  s p e c i f i c  c o m p o u n d  t y p e  s h o u l d  a l s o  l e a d  t o  i n c r e a s ­
i n g  s t r e t c h i n g  f r e q u e n c i e s  o n  a c c o u n t  o f  t h e  i n c r e a s i n g  p o l a r i t y  
o f  t h e  M  -  X  b o n d  a l o n g  t h i s  s e r i e s .
F o r  t h e  m e t a l  c a r b o n y l  h a l i d e s  t w o  s e p a r a t e  p o l a r  b o n d  
s i t e s  e x i s t  f o r  s o l v e n t  i n t e r a c t i o n :  t h e  r e l a t i v e l y  h i g h l y
c h a r g e d  h a l o g e n  a t o m s ,  a n d  t h e  r e l a t i v e l y  w e a k l y  c h a r g e d  o x y g e n  
a t o m s  o f  t h e  C O  g r o u p s .  O f  t h e s e ,  i n t e r a c t i o n  a t  t h e  h a l o g e n  
i s  e x p e c t e d  t o  b e  t h e  s t r o n g e r .  S t a b i l i s a t i o n  o f  t h e  i o n i c  
c o n t r i b u t i o n  t o  t h e  M  -  X  b o n d  b y  s o l v e n t  a s s o c i a t i o n  w i l l  i n -  ! 
c r e a s e  w i t h  i n c r e a s i n g  p o l a r i t y  o f  t h e  s o l v e n t ,  c a u s i n g  l a r g e r  
s h i f t s  i n  t h e  d i r e c t i o n s  i n d i c a t e d ,  a n d  t h u s  h i g h e r  C O  s t r e t c h ­
i n g  f r e q u e n c i e s .  O n  t h i s  m e c h a n i s m  t h e  m a g n i t u d e  o f  t h e  s o l v e n t  ! 
s h i f t s  d e p e n d s  o n  t h e  s t r e n g t h  o f  t h e  s o l v e n t  i n t e r a c t i o n s  w i t h  
t h e  h a l o g e n .  L a r g e r  s o l v e n t  s h i f t s  a r e  t h u s  e x p e c t e d  f o r  t h e  
m o r e  e l e c t r o n e g a t i v e  h a l o g e n  a t o m  s u b s t i t u e n t s  ( i . e .  C l ^  B r  y  I )  
i n  p o l a r  s o l v e n t s .
S o l v e n t  i n t e r a c t i o n  a t  t h e  o x y g e n  a t o m s  o f  t h e  c a r b o n y l
i,
g r o u p s  w i l l  b e  o f  m i n o r  i m p o r t a n c e .  S t a b i l i s a t i o n  o f  t h e  i o n i c  
c o n t r i b u t i o n  w i l l  l e a d  t o  t h e  p o s t u l a t i o n  o f  h i g h e r  c a r b o n y l  
f r e q u e n c i e s  w i t h  i n c r e a s i n g  p o l a r i t y  o f  t h e  s o l v e n t ,  a  r e s u l t
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which is effectively the same as for solvent interaction at the 
halogen. However, the accepted mechanism for solvent inter­
action is one of specific association, i.e. — C - 0 — solvent. 
Such a physical association will inevitably lead to an 
"anchoring" of the oxygen atom, and hence a lowering of the CO 
stretching frequency. This is the expected overall effect for 
any solvent interaction at the carbonyl addenda, and the de­
pression of frequencies should be more and more noticeable as 
the CO- solvent coupling becomes stronger (either by causing the 
charge on the oxygen atom to increase, or by increasing the 
polarity of the solvent). Again it is stressed that for the 
carbonyl halides these effects will be of minor importance com­
pared with those described for solvent interaction at the 
halogens and will thus be difficult to corroborate experiment­
ally.
Any metal carbonyl derivative containing both halogen 
and neutral ligand substituents is expected to exhibit a com­
bination of the effects described above. It has been pointed 
out that the frequency shifts associated with increasing sub­
stitution and the solvent shifts associated with increasing 
polarity of the solvent operate in opposite directions for the 
two substituent types. In general, if the resultant electron 
density at the metal is greater than in the parent pure carbonyl
- 1 6 0 -
the CO frequencies will follow the trends discussed for the 
neutral ligand substituents> whereas, if the resultant electron 
density at the metal is less than in the parent metal carbonyl 
the frequencies will follow the trends discussed for the halogen 
substituent s.
These mechanisms satisfactorily predict the changes in 
carbonyl stretching frequencies observed in the present work. 
More specifically, the expected increase in CO stretching fre­
quencies on changing the halide substituents from iodide to 
bromide in a metal carbonyl halide is well exemplified by the 
Fe(C0)^X2 and 0s(C0)^_X2 complexes (Table 5). The expected 
increase in solvent sensitivity from iodide to bromide is also 
evident when the frequency shifts from cyclohexane to chloroform 
are examined for 0s(C0)^I2 an& Os(CO)^Brg (Table 10), and the 
drop in CO frequencies and reduction in solvent sensitivity 
predicted for the replacement of further carbonyl groups in the 
metal carbonyl halides by neutral ligands of lower w-bonding 
ability than carbon monoxide is well marked in the comparison 
of results obtained for the 0s(C0)^X2 and the 0sL2 (C0)2X2 
complexes (Tables 10 and 11). Comment has already been made 
on the steady decrease in CO stretching frequencies with increas­
ing replacement of the carbonyl groups of a pure metal carbonyl 
by neutral ligands, and the results of Barraclough, Lewis and
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Nyholm (Table 12) show that the solvent sensitivity increases, 
and increases in the direction predicted from the foregoing 
arguments.
Comparison of the frequency shifts for the individual 
vibrational modes associated (a) with a change in halogen of 
the 0s( C O ) ^ ^  complexes investigated in the same solvent, and 
(b) with a change in the polarity of a solvent for the same 
complex, reveals a different order of sensitivity towards these 
two operations. The results are expressed in Table 14. On 
inspection it can be seen that the vibrations involving mutually 
trans CO- groups are affected more than those involving mutually 
cis-CO groups for a change of halogen, but the reverse is true 
for a change in polarity of the solvent. At first sight a 
change from I to Br, which involves an increase in the polarity 
of the M — X bonds, could be expected to cause essentially 
the same effects as a change from a non—polar to a polar solvent, 
which should cause a stabilisation of the ionic contribution 
to the structure, and hence an increased polarity in the same 
bonds. However, this is obviously not the case.
The CO groups occupying mutually cis-positions share 
two d^ orbitals with the halogens in bonding with the metal.
Any effects which alter the w-bonding contribution to the M - X 
bonds should therefore be reflected in the CO stretching
- 1 6 2 -
TABLE 1 4
Comparison of the individual frequency shifts 
associated with a change in halogen and a change in solvent
for 0s(C0)^X2 .
CO stretching frequencies
i
Frequency 
shift s
I —$ Br
CO stretching 
frequencie s 
0s(C0)^Br2
in
chloroform
Frequency 
shif t s
C6H12“* CHC13
0s(C0)4I2
in
cyclohexane
0s(C0)^Br2
in
cyclohexane
A1 ^2 ^2l64,8 
B1 2100.8 
A1 ^1 ^2085.8 
B2 2050.0
•
2177.8
2112.8 
2089.8 
2051.0
AV,(2) 13.0 
1
A  V  12.0 
B1
A V ^ 1 ) 4.0
AVq 1.0
2*
A p )  2184.0 
B1 2118.4 
A p ^  2098.9 
B2 2059.7
A v  (2) 6.2 
A1
AV„ 5.6 
B1
Ay.(i) 9.1 
A1
8.7
2
Order of decreasing 
sensitivity to 
change in halogen
Order of decreasing 
sensitivity to change in 
solvent
( 2 )  *>
A- v V __ „ j Trans-
■ ) CO group
B \1 } vibrations
k  J
A <*>1 / CQ group
' k 1 \ vibrations
2 ' \, J
« (i) 1 ^
Ai
 ^ CO group
B2 \ vibrations
< j
A., ^ ^  Trans- 
1 /
> CO group
B., \  vibrations
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f r e q u e n c i e s  i n v o l v i n g  t h e s e  g r o u p s  r a t h e r  t h a n  t h e  s t r e t c h i n g
f r e q u e n c i e s  o f  t h e  C O  g r o u p s  o c c u p y i n g  m u t u a l l y  t r a n s - p o s i t i o n s .
t h e  l a t t e r  o n l y  s h a r i n g  o n e  m e t a l  d ^ - o r b i t a l  w i t h  t h e  h a l o g e n s *
I t  i s  t h e  a u t h o r f s  c o n t e n t i o n  t h a t  a  c h a n g e  i n  p o l a r i t y  o f  t h e
s o l v e n t ,  w h i c h ,  f o r  a  c h a n g e  f r o m  a  n o n — p o l a r  t o  a  p o l a r  s o l v e n t ,
r e s u l t s  i n  t h e  s t a b i l i s a t i o n  o f  t h e  i o n i c  c o n t r i b u t i o n  t o  t h e
M  —  X  b o n d ,  a n d  a  c o n s e q u e n t  d i m i n u t i o n  o f  t h e  7 r - b o n d i n g ,  c a n
b e  c o n s i d e r e d  a s  a n  e f f e c t  o f  t h i s  t y p e .  T h e  r e s u l t s  o f  t h e
p r e s e n t  i n v e s t i g a t i o n s  a n d  t h o s e  f o r  t h e  i r o n  t e t r a c a f b o n y l
d i h a l i d e s  [ 6 l ]  s u p p o r t  t h i s ,  t h e  s o l v e n t  s h i f t s  a s s o c i a t e d  w i t h
t h e  a n d  B g  f r e q u e n c i e s  b e i n g  n o t i c e a b l y  l a r g e r  t h a n  t h o s e
(2 )
o f  t h e  v  '  a n d  f r e q u e n c i e s *
A  c h a n g e  o f  h a l o g e n  s u b s t i t u e n t  f r o m  I  t o  B r ,  w h i c h  i s
b a s i c a l l y  a n  i n c r e a s e  i n  t h e  i n d u c t i v e  e f f e c t  ( s e e  p ,  1 5 3 ) *
l e a d s  t o  a n  i n c r e a s e  i n  t h e  i o n i c  c h a r a c t e r  o f  t h e  M X  b o n d s *
I t  i s  g e n e r a l l y  c o n s i d e r e d  t h a t  s u c h  a  c h a n g e  i n  t h e  i n d u c t i v e
s t r e n g t h  o f  a  l i g a n d  c a u s e s  a n  e l e c t r o n  f l o w  f r o m  t h e  m e t a l  t o
t h e  h a l o g e n s  m a i n l y  t h r o u g h  t h e  <r - b o n d i n g  o r b i t a l s *  T h e
d e c r e a s e  i n  e l e c t r o n  d e n s i t y  a t  t h e  m e t a l  w i l l  t h e n  l e a d  t o  a
r e d i s t r i b u t i o n  o f  e l e c t r o n s  i n  t h e  M C O  7 r - s y s t e m s *  C o m p e t i t i o n
f o r  t h e  d  e l e c t r o n s  o f  t h e  m e t a l  w i l l  t h e n  a r i s e  b e t w e e n  t h e  ir
C O  g r o u p s  o f  t h e  m o l e c u l e  b u t  t h e  g r e a t e s t  e f f e c t s  c a n  n o w  b e  
p r e d i o t e d  t o  o c c u r  b e t w e e n  t h e  m u t u a l l y  t r a n s  C O  g r o u p s  a s
-164-
sharing of available d orbitals is maximal here. In the case7r
of the mutually cis CO- groups only one orbital is shared 
with any other CO- group whereas two d orbitals are being
7T
shared with the halogens which make a negligible demand for the
metal d electrons. Greatest frequency shifts on changing the
(o)
halogen are thus expected for the A^v 1 and frequencies, 
and this is indeed borne out by the experimental results.
For complexes of the type cis-O s L ^ f C O q u i t e  large 
changes in the two carbonyl stretching frequencies were noted 
on changing the substituents* In Table 15 complexes derived 
from osmium carbonyl iodide are listed in order of decreasing 
w-bonding ability of the substituent ligands, L, and it is 
readily seen that this is also the order of increasing values 
of k^, the interaction constant between the and carbonyl 
stretching vibrations. The evident lack of a strict correla­
tion between group frequencies and ligand characteristics is a 
little difficult to understand, but nevertheless the general 
pattern of decreasing frequencies with decreasing metal-ligand 
w-bonding is still apparent.
The force constants for this group of compounds have been 
calculated using the secular equations of Cotton and Kraihanzel 
derived for cis-ML^(CO complexes of Cgy symmetry. In the 
present case the compounds are of much lower symmetry and the
-165-
TABLE 15
Frequencies and stretch-stretch interaction constants 
for the compounds OsLgfCOjg^*
Decreasing Lg 
7r-bonding 
effectivene ss
CO absorption frequencies 
(cm*- 1 )
Ai , Bi
k± (md./X)
(PC13 )2 2074 2023 0.42
(^PC12 )2 2063 2008 0.45
W 2PC1)Z 2051 1991 0,49
[ W o )3p ]2 2062 2002 0.49
(^jSb)2 2030 1966 0,52
(^3A s)2 2034 19 69 0.52
(/jP)2 2040 1975 0.53
^2p c h 2c h 2p^ 2
__________ _ _ _ _ i
2051
____ _______ J
1984 0.55
— 1 6 6 -
application of these equations may be suspect. However, in 
the derivation of these equations coupling of the CO stretching 
vibrations with other vibrations of the molecule are not taken 
into account, and Cotton himself has demonstrated that devia­
tions from the exact symmetry for which the equations were 
developed are relatively unimportant unless degeneracies are 
split. A further argument for the use of these equations is 
provided by the results which they generate.
Finally, a possibility of relating the changes in CO
force constants, calculated from the frequencies observed for 
a particular solute in various solvents, with the strength 
of the solute-solvent "bond" was considered. This was dis­
missed as impracticable, however, as the major association was 
one of solvation at the halogen, and in any case the mass, or 
”anchoring” effect of the solvent restricting the CO vibration
would be difficult to assess.
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S E C T I O N  V
G-ENERAL DISCUSSION
- 1 6 8 -
The major portion of this work has been aimed at investi­
gating the nature and bonding of osmium carbonyl halides and 
their derivatives. I.R. absorption studies have played an 
important role in this respect and, for convenience, a general 
discussion of the results obtained from these studies for 
carbonyl stretching frequencies has been included in the previous 
Section. It is convenient to mention here, though, the dis­
crepancy between the spectrum of Ru(C0 )^l2 an& the spectrum of 
0s(C0)^l2 (see Section III, p.68). In the former a weak
fifth absorption band occurs at 2119 cm.-1. This cannot be 
a fundamental CO stretching frequency and is unlikely to be a 
combination band. Dahl had difficulty in explaining the origin 
of this absorption, but it now appears to be explicable in 
terms of an impurity band. This postulation has been put • 
forward as a band of similar position and intensity was fre­
quently observed during the first stages of purification of the 
osmium tetracarbonyl dihalides - see fig. (xv).
In the general preparative work and handling of osmium 
carbonyl halides polar solvents were avoided where possible. 
Unexpected reactions have been observed where compounds of osmium 
in low oxidation states have been prepared in, for example, 
alcoholic or glycollic media [116]. Thus the reaction of
- 169-
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ammonium hexachloroosmate(IV) with triphenylphospine in ethylene 
glycol leads to the product Os(CO) (/^^P)^HC1 which is a mono­
nuclear six-coordinated complex having a distorted octahedral 
structure.
The osmium carbonyl halides also showed instability 
towards TJ.V. radiation. Evidence has already been put forward 
in the case of O s ^ O ^ I g  which exhibited light sensitivity in 
solution in chloroform, the original pale yellow solution deepen­
ing to dark red during the course of a month. The tetracarbonyl 
dihalides were decidedly more sensitive to light. Both the 
iodide and the bromide developed intensely coloured products from 
their solutions in cyclohexane after 4 or 5 hours exposure to 
daylight. Re-examination of these coloured. solutions by I.R. 
absorption spectroscopy showed little or no change from the 
original tetracarbonyl dihalide trace, indicating that the highly 
coloured compounds were present in only very small quantities.
The derivatives of the carbonyl halides prepared in the 
present work all have the general formula every
case two carbonyl absorption bands were observed separated by 
approx. 60-70 cm. This is strongly indicative of a cis-
dicarbonyl in a nominally octahedral environment, so, assuming 
that the halogen atoms retain their mutually ois-position s. only 
two possible structures remain for these complexes :-
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X
CO
L
II
'""-CO
COX
X
\
It is of interest to note that the two bidentate ligands 
(diphos. and diars.) conformed to the above I.R* absorption 
pattern in respect of their complexes. This would indicate 
that structure I is to be favoured in the general case, and of 
course is specific for these two chelating ligands.
Finally, the I.R. absorption bands occurring in the MCO 
bending region are recorded in Table 16 for the osmium carbonyl 
halides. No attempt has been made at assigning these frequen­
cies but they are included for the sake of completeness. Some 
of these absorption bands occurred towards the limit of the 
spectrometer used and the frequencies recorded should be treated 
as approximate values. Typical low frequency spectra obtained 
from Nujol mulls of the materials are presented in fig.(xvi).
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Low
Compound
0s(C0)4I2
Os(CO)^Br
0s(C0)3I2
0s(CO)^Br
Os(CO)3Cl
TABLE 16
frequency absorption band positions of the 
osmium carbonyl halides.
-1
Frequencies (cm. )
597
575
564 
553 
536 
530
584
565 
545 
539 
472
594 
568 
486 
477
611
582
493
482
471
464
445
620
595 
502 
493 
469 
452
Characteristics
(sh, w)
(t b)
( sh , w )
( sh, vw)
(a)
(m)
(w)
(s)
(m, very sharp) 
(s)
(s, sharp)
(m)
(s)
(s, sharp)
Where (w) = weak, (m) = medium,
(s) = strong, (sh) = shoulder, (v) = very*
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